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‘STUDIES IN BLUE PERCHROMIC ACID 


Part I—Kinetics of the Decomposition of the Blue Perchromic 
Acid in Various Organic Media 
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RAM CHANDRA RAI, M.Sc. 
(University of Allahabad) 


Received April 30, 1943 


BARRESWIL! observed in 1847, that a deep blue solution is produced when 
a concentrated solution of chromic acid is mixed with hydrogen peroxide. 
If ether be shaken up with the blue solution, the aqueous layer is decolour- 
ised, and the ethereal: layer retains the blue product. It was further 
observed by Grosvenor? that the blue compound is also soluble in ethyl 
acetate, amyl chloride, and various amyl esters. It is insoluble in carbon 
disulphide, benzene, toluene, carbon disulphide and various oils. The 
ethereal solution gives dirty violet precipitates with various alkaloids and 
amines, and when the precipitates are dried and treated with acids and ether, 
the blue solution is again obtained. Berthelot,? moreover, showed that 
with strong acids and a solution of dichromate, hydrogen peroxide gives 
the blue colour of the hypothetical blue perchromic acid. With the 
weaker acids, the colour is violet and not blue. The blue perchromic acid 
as extracted with ether or ethyl acetate is stable only for a few hours ; it 
decomposes with the evolution of oxygen. Various attempts have been 
made by Barreswil, Aschoff,t Brodie,’ Martinon,® Berthelot, Riesenfeld,? 
Spitalsky® and others to elucidate the nature of this blue perchromic acid. 
In spite of the extensive work of Riesenfeld and Spitalsky, on the catalytic 
decomposition, not much work has been done on the kinetics of the de- 
composition of the blue perchromic acid itself. In the present series of 
papers, we propose to undertake the study of this blue perchromic acid 
from various standpoints with an idea to work out the conditions under 
which the acid is produced, its stability and decompositions, and also the 
various organic reactions in which the acid may be used. 


Preparation of the Blue Acid 


In all the experiments recorded in this paper, the blue perchromic acid 
was prepared from potassium dichromate (5% solution), dilute sulphuric 
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acid (2 N) and hydrogen peroxide (1-8 N). These solutions, as well as ether, 
were cooled in ice. 80 c.c. of the dichromate solution were taken in Jena 
conical flasks, also cooled to the ice temperature, and to this solution were 
added 20c.c. of the dilute sulphuric acid. 40 to 50c.c. of the hydrogen 
peroxide solution were added to the mixture, and immediately, the reaction 
mixture was shaken with about 120 c.c. of the ice-cooled ether. The 
ethereal layer which extracted out the blue perchromic acid was separated 
out from the aqueous layer by separating funnel. The proper separation 
was very necessary in the study of the reactions and therefore, all care was 


taken to ensure it. 


The concentration of the blue acid thus extracted depended on the 
mode of preparation and the quantity of hydrogen peroxide used. The 
concentrations of the acid were determined in terms of the iodine liberated 
from potassium iodide in presence of dilute sulphuric acid, the iodine being 
titrated with hypo (N/20). A known volume of the blue acid was also 
evaporated to dryness over water-bath, and the residue left was weighed. 
The residue was further ignited in the platinum crucible and also weighed: 


For each set of experiments, the same blue perchromic acid was used 
for proper comparison. This is necessary, because each preparation of 
the blue perchromic acid gives the acid of different strengths and charac- 
teristics. 


The decomposition of the blue acid follows the monomolecular formula, 
and therefore the velocity constants were determined by the use of the 
‘equation : 

a 2-303 a 
a—x t a—x 


> 


K= 2 log 
rétaiie veiat it t 
where a is the initial concentration, and a — x the concentration at the 
time ¢. 


Influence of Temperature on Decomposition 


The 10 c.c. of the blue perchromic acid, prepared by the method given, 
left a tesidue of 0-0294 g. when evaporated over water-bath. This residue 
when ignited in the platinum crucible weighed 0-0198 g.-of Cr.0;, 


‘Different portions of the same acid were allowed to stand in Jena 
conical flasks in thermostats maintained at 10°, 20° and 30°+0-2. 2cc 
of the blue acid were pipetted out from time to time, and immiedines 
transferred to potassium iodide solution acidified’ with dilute sul fusis 
acid. The iodine liberated was titrated with hypo (N/20). : 
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TABLE I 
At 10° | At 20° | At 30° 
Time Hypo : Time Hypo Time | Hypo 
mins. C.c. Pe rine, ae. K/2"303 | mins, a K/2-303 
ee ee a le eM FS og 9 A ea a a ee 2 ed 
0 4-2 19 4-1 0 4-15 
0-000443 0-00148 0-00293 
60 3-95 39 3-7 15 375 
0-000659 0-00235 0-00560 
120 3°5 79 3:1 30 2°8 , 
0-000693 0-00210 0:00734 
180 3°15 109 2°65 45 2°15 
0-000670 0-00225 0-00736 
240 2-9 139 2:2 60 di'5 
0- 000776 0-00225 0-00718 
300 2°45 169 1:85 75 di 
0-000807 0-00234 0:00737 
360 2-15 199 1:6 90 0:9 
0- 000847 0-00222 0-00791 
420 1-85 229 1-3 105 0:6 
0-000960 0: 00237 
480 1-45 259 1-05 
0-00100 0-00251 
540 fie 289 0:85 
0-00100 
600 1-0 
Average K/2-303 0- 000923 0-00229 0-00743 
Induction period 300 mins. 70 mins. 40 mins. 


) 


The decomposition of blue perchromic acid is very slow at O°C. ; it 
takes more than 20 hours to undergo decomposition. At lower tempera- 
tures there is a pronounced induction period, and therefore, the mono- 
molecular values of K show also a slight continuous increase with time. At 
temperatures above 30°, the decomposition is very rapid. The values of 


log K plotted against inverse temperatures (+) give a straight line, show- 
ing that Arrhenius equation is applicable to the decomposition of the blue 
perchromic acid. 


From the results recorded above, it is also seen that there is a marked 
induction period at low temperatures within which the values of K show a 
continuous increase. 


Decomposition of the Blue Acid in Presence of Benzene 


It is known that the blue perchromic acid is not extracted out by 
benzene, but benzene being miscible with ether, it was found interesting 
to study the decomposition of the acid in ethereal solution in presence of 
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benzene. The blue acid was prepared by mixing 80c.c. of 5% potassium 
dichromate, 20 c.c. of 2 N sulphuric acid, 50 c.c. of 1:8 N hydrogen peroxide 
and 120c.c. of ether. From the ethereal extract of the perchromic acid, 
the following four combinations were made, keeping the total volume 30 c.c. 
and maintaining the same concentration of the blue acid. The decompo- 
sitions of these four combinations at 30° were studied as in the previous 
experiments. 


I—Blue acid 20 c.c.+ ether 10c.c. 

Il—Blue acid 20 c.c. + benzene 2 c.c.+ ether 8 c.c. 
I1I—Blue acid 20 c.c.-++ benzene 6 c.c. + ether 4 c.c. 
IV—Blue acid 20 c.c.-+ benzene 10 c.c. 


TABLE II 
No benzene 2 c.c. benzene 6 c.c. benzene 10 c.c. benzene 
Time | Hypo q Time | Hypo , Time | Hypo : Time | Hypo : 
mins.| c.c. K/2-303 mins. | c.c. K/2°303 mins. | c.c. K/2-303 mins. | c.c. K/2:303 
0 | 7:7 3 | 7°65 6 | 6:95 9 | 5-4 
01026 01060 *01321 -0124 
15 | 5°4 18 | 5-3 ZY Fi4s2 17-5 | 4-25 : 
00912 -00999 -0134 -0138 
30 | 4-1 34 | 3°75 36 | 2:75 24 | 3:35 
00976 -01009 -0133 -0141 
45 | 2-8 48 | 2-75 Sdaeiy Levy, PR a id Ho 
-00940 -00999 0161 -0162 
60 | 2:1 63 | 1°95 66 | 0:75 54 | 1-0 
- 00987 +01004 -0155 -0188 
75 | 1:4 78 | 1-4 81 | 0-45 69 | 0-5 
-00985 -01090 *0162 0177 
90 | 11 93 |0°9 96 | 0°3 84 | 0-25 
*00977 01050 
105 |-0°75 108 | 0:6 
00985 -01040 
120 | 0:5 123 | 0-4 
Average -00973 -01031 I 0133 I 0134 
K/2-303 Ul 0159 II 0175 


It will be seen from the results recorded in Table II, that the decom- 
position of the blue acid is faster in presence of benzene than in ether alone. 
When the concentration of benzene is increased, it appears as if the decompo- 
sition is taking place in two stages: the monomolecular constants of the 
second stage are larger than those of the first Stage. It is very likely that 
benzene reacts chemically with perchromic acid, and this secondary reaction 
influences the primary decomposition of the blue acid. The study of the 
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products formed by the reaction of benzene and perchromic acid is reserved 
for a subsequent paper. 


Decomposition of the Blue Acid in Presence of Toluene 


The decomposition kinetics of the blue perchromic acid was studied 
in presence of toluene also in the same way as in the previous case. The 
blue acid was prepared and extracted with ether, 10c.c. of the acid on evapo- 
ration on water-bath left a residue of 0:0682 g., and this residue on ignition 
weighed 0-0448 g. of Cr,O3. The decomposition of the following combi- 
nations was investigated at 30° C.: 
I—Blue acid 20 c.c.+ ether 10 c.c. 
II—Blue acid 20 c.c.+ toluene 2 c.c.+ ether 8 c.c. 
IJI—Blue acid 20 c.c.+ toluene 6 c.c.+ ether 4 c.c. 


IV—Blue acid 20 c.c. + toluene 10 c.c. * 


TABLE III 
No toluene 2 c.c. toluene 6 c.c. toluene | 10 c.c. toluene 
Time | Hypo : Time | Hypo : Time | Hypo ; Time | Hypo ; 
mins. | c.c. K/2:303 mins. | c.c. K/2- 303 mins. | c.c. K/2-303 mins. | c.c. K/2- 303 
0 | 6:05 3 | 5:25 6 | 4-6 9 | 3:15 
-00899 0086 0165 0254 
15 | 4°35 18 | 3:9 21 | 2°6 14 | 2°35 
-01040 -0119 -0188 -0224 
30 2-95 33 2°3 36 1-25 24 1-45 
-00974 -0115 0188 -0260 
ra 48 | 1-6 51 | 0°65 29 | 0:95 
+ 00962 *0123 -0168 +0252 
60 | 1°6 63 | 0:9 66 | 0°45 39 | 0:55 
-00961 -0120 20241 
75 | 1-15 78 | 0-65 44 | 0°45 
-01000 -0113 0271 
90 | 0-75 93 | 0-5 54 | 0:3 
Average -0097 -0118 -0177 | | -0250 
K/2- 303 4 


From these results, it will be seen that monomolecular constants are 
obtained when the decomposition of perchromic acid takes place in the 
presence of toluene. With the increased concentrations of toluene, we get 


an increased value of K. 
Decomposition of the Blue Acid in Presence of Xylene 


The results on the decomposition kinetics of the blue perchromic acid 
in presence of xylene are given in Table IV. The blue acid was prepared 
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in the way already described. 10c.c. of this acid when dried on water- 
bath left 0-058 g. of residue which on ignition gave 00387 g. of Crz0s. 
The decomposition of the following combinations was studied at 30°. 
I—Blue acid 20 c.c. + ether 10 c.c. 
Il—Blue acid 20 c.c. + xylene 2 c.c.+ ether 8 c.c. 
IlJ—Blue acid 20 c.c. + xylene 6 c.c. + ether 4 c.c. 
IV—Blue acid 20 c.c.+ xylene 10 c.c. 


TABLE IV 
Meh Se ee ae 6 ee eee 
No xylene 2 c.c. xylene | 6 c.c. xylene | 10 c.c. xylene 
Time | Hypo : Time | Hypo : Time | Hypo ; Time | Hypo j 
mins. | c.c. K/2-303 mins.| c.c. K/2- 303 mins. | c.c. K/2-303 mins. | C.c. ° K/2- 303 
| 
0 | 4:9 3 14:4 | 6 | 4-2 | 9 | 2:9 
*0077 -0079 -0097 -0281 
15 | 3-75 18 | 3-35 21 | 3:0 14°73) 251 
-0077 -00877 0107 -0308 
30 | 2°85 33 | 2°4 36 | 2-0 1-0 
* 0087 00862 -00931 -0308 
AS 2-415 48 | 1:8 51 1-6 29 | 0-7 
-00906 ; - 00882 -01003 -0286 
60 | 1-4 63 | 1:3 66 | 1:05 39 | 0:4 
-00931 -00910 -0096 -0281 
75 | 1-1 78 | 0:9 81 | 0°8 44 | 0:3 
0087 00938 
90 10-8 | | 96 | 0-6 | 
Ree S: ae ee 
Average -00892 | | -00875 -00976 | - 02928 
K/2-303 


In the presence of xylene, perchromic acid decomposition rate is in- 
creased. With 2 c.c. of xylene, the change observed is not marked, whereas 
with 10 c.c. of it, the rate of decomposition increases about three times. 


It is very significant to see that the decomposition influence is most 
prominent in the case of xylene and the least in the presence of benzene. 
Toluene shows an intermediate behaviour as is shown in the following table: 


TABLE V 

ae Se ee ees eee 
Hydrocarbon K, in absence of K, with 10 c.c. K./K 
hydrocarbon hydrocarbon al Ky 

eh nme LP Mh oe 

Benzene .. aA -02241 -04030 . 

Toluene... ae *02235 *05757 257 
Xylene, i 02054 -06747 3-28 


SU nn Meet Te Mk 
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We have observed that along with the decomposition of perchromic 
acid, traces of aldehydes are formed from toluene and xylene, which give 


indication with Schiff’s reagent. We are also studying the decomposition 
products of the blue acid. 


Summary 


The decomposition kinetics of the blue perchromic acid was studied 
under various conditions. The decomposition reaction is monomolecular. 
The value of K at 10° is 0-002125, at 20° 0-005273 and at 30° 0-01711 to 
0-02241. The values differ slightly with different preparations. The 
values of log K plotted against 1/T give straight line, showing that Arrhenius 
equation is valid. From the study of kinetics, we find that there is a marked 
induction period also. 


The rate of decomposition of the blue acid is markedly increased in 
the presence of benzene, toluene and xylene. When these hydrocarbons 
are present to the extent of 33 per cent. of the ethereal solution, the values 
of K increase 1-79 times with benzene, 2:57 times with toluene and 3-28 
times with xylene, when the temperature maintained is 30°. 
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THAT the energy of dissociation of carbon monoxide, D (CO) cannot be 
much less than 10 e.v., was shown to be deducible from a number of con- 
siderations.1 Recently, Gaydon and Penney have suggested that D (CO) 
lies between 9-85 and 11-11 e.v.2. The spectrum of COt+ corroborating the 
data on collision processes further offers some interesting evidence bearing 
on this subject. 


The dissociation energy of CO is 2-9 or 0:55 e.v. more than that 
of CO+ according as D (CO+t)= D (CO)+1(C)—I (CO) or D (COt) = 
D (CO)+1(O)—I(CO). The three known electronic states of CO*+ namely 
X (27y+), A (77) and B (#y"*) give on linear extrapolation of the vibrational 
levels, energies of dissociation of 9-9, 6:0 and 3:7 e.v., and therefore 
dissociation limits of 9-9, 7-9 and 9-3 e.v., from the ground level of COt+ 
respectively. The vibrational levels of these states are directly known upto 
energy values of 25,963 cm.-! or 3-22 .e.v., 20,169 cm! or 2-Se.v., and 
14,543 cm? or 1:8 e.v., respectively. Thus the extrapolation of B state 
is of the same order of accuracy as that of the ground state of CO. The 
extrapolation of A is less accurate and that of X looks comparatively long. 
To avoid further complications in the correlation of dissociation products 
the latter is generally considerably discounted. 


Biskamp has observed perturbations in v= 7 level of B state. From 
calculations made by us these appear to be vibrational perturbations caused 
by the vibrational levels of X state. Counting from the ground state of 
CO* the energy of X at v= 33 is 55,982 cm! or 6-9 e.v., and that of B in 
the seventh vibrational level is 56,330 cm.-! If this interpretation is correct 
we practically know the levels of X upto 6-9 e.v. Its extrapolation is ther 
of at least an equal if not greater order of accuracy than of either A and B 
states of CO* or the ground state of CO. 


If to the dissociation limits of X, A and B we add I (CO) = 14-1 ey 
we get 24, 22 and 23:4 e.v., respectively. These values can be correlated 
8 
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to and should be regarded as being in agreement with those obtained by 
collision experiments,® due regard being given to possible inaccuracies in 
both methods. Thus we identify the first two with 23:3+0-2 and 
20°9+ 0:2 e.v. which are already attributed to the dissociation processes 
involving products C(@P)+ 0+ (4S) and C+(?P)+0(@P) respectively. 
The third is identical with 22-8+0-2e.v., and represents the process in 
which a further excitation of O from °P to 1D occurs in the second process. 
This is evident because the minimum spectroscopic value for the dissoci- 
ation limit of B being already 1-8+ 5-64=7:-44 e.v., it is hardly possible 
to correlate it with that of the A state. It must therefore involve an 
excited O atom 1-93 e.v., (D— °P), above the limit of A. Also the limit 
of X should be 2:35 e.v., {1(O)—I(©)}, above the limit of A. We thus 
conclude from spectral and collision data taken together that X is derived 
from C (*P)+ O* (4S), A from C+ (?P)+ O (°P) and B from Ct (2P)+ O (4D). 
Such a possibility has been already indicated on other grounds. Atom 
or ion collision experiments are also interesting for this conclusion. The 
process COt+ - C++ O is found to be particularly intense while CO+ + C+ Ot 
is weak and not certain.’ This is probably due to the circumstance that in 
such type of collisions, processes involving comparatively large changes in 
internuclear distances are likely to be more favoured. This distance r, 
for X 72’) of CO is 1-13 A., while 7, values for X, A* and B states of 
CO+ are 1-114, 1-195—1-209 and 1-168 A., respectively. Thus in these 
experiments it is A (*JZ) which is directly reached by collision. 


All these considerations show that only the extrapolation of state A 
is not very reliable. A glance at the values for this state deduced by 
various authors (namely 13-30 Herzberg,® 14-07 Weizel, Jevons and Sponer: 
Reports) confirms this suspicion. We, therefore, believe that the dissoci- 
ation limits for X, A and B states deducible from spectroscopic data are 
9-9, 7:5 and 9:4e.v., respectively. These yield for D(CO) the values 
10:45 e.v., from X state and 10-4e.v., from A state, values which are 
remarkably close. From collision data on similar interpretation, we obtain 
9-2, 6:8 and 8-7e.v., respectively yielding for D (CO) 9:75e.v., from X 
and 9:7 e.v., from A. The mean of these four values is 10-1 e.v. 


Anand has recently reported two Rydberg series in emission in the 
extreme short-wave spectrum of CO and deduces 14-5 e.v., as their common 
limit.2 If the interpretation is correct, the limit can only refer to the 


* The values for the doublet state A quoted in the literature are evidently calculated on the 
wrong basis of regarding the (3, 0) comet-tail band as the (0,0) band. The values quoted here 
are accordingly corrected. : 

A2 
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X state of CO+, in which case the D (CO) spectroscopic value will have to 
be increased by 0-4 e.v. 


Me) el SQ) BS 
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1. HUMBERT? introduced in the year 1930 the function J,,,, (x) defined by 


x +2 x3 


Jinn C)= 309m ET) Pn) (m+ lw+ls—s). (A) 


He has givent the following form for the operational image of this 


function 
2m—n 


I Re eles ¥ 
wap In(— 2/5) EX F Ine BYR). 2) 


The object of this paper is to investigate, by the method of operational 
calculus, some integrals involving the product of two Humbert functions. || 


2. Putting z=(-2 ay A) in the known result{ 


1 \e-%-” re a” b* i) T(k+ 2r) I(k+ r) 
G z) Jn (az) Jn (bz) Sa I' (m+) T@tt),~, rl Spier (2) 


x F,(—r,k+r; m+1,n+1;3 a, 6% 
where F, denotes the Appell’s function defined by 


, ee (a, m) (8, m) arptac m 
Fy (a, ps YY > x, y)= ~ y,™M) a, m) F(a 7, B+m; aoa VR 6 (3) 


* T am deeply indebted to Dr. R. S. Varma for suggesting this problem to me and for his 
guidance in the preparation of this paper. 

+ P. Humbert, “Les fontions de Bessel du triosieme ordre,” Atti Pont Acad. della Scienza, 
(Sess III del 16 Febbraio, 1930), Anno 83, 128-46. 

t P. Humbert, “ Nouvelles remarques sur les fontions de Bessel du triosieme ordre,” ihid., 
(Sess IV del 18 Marxo, 1934), Anno 87, 323-31. 

§ I have followed Dr. McLachlan in using the symbol c for the operational image of 
a function. 

|| The name Humbert Functions as already adopted by Dr. R. S. Varma instead of Besse] 
Functions of the 3rd order has been preferred as the! atter name is associated with functions of 
a different type. 

q W. N. Bailey, Quar. Journ. of Math. (Oxford Series), 1935, 6, 235. 
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ko 


qv m bw’ —# 
and then multiplying either side by pT , we have 


begin (AVP ee (A) 


ne Ge pleat & qr be (oe) Dike 2r) P(k+7r) 


Aime) Lat Deca ve 
l 
erry TPE (k--2r) Ves 2 (-2/5) 
(p) 
x F,(—r,k +r; m+1,n+1; a’, b?). (4) 


Now we know* that if 4(p) cf (x) 
then b (p/s) < f (sx) S== const, <0; 


Appiying this to (2) we have 
2l—m 


ayn ok 24/4) ¢ Gx) 2 In GYR 


and 
2I’—n 


ay 4 24/5 2) (6%) > Irn GLEE) 


These together with the product theorem,* viz., 


if di (p) Cf, (x) and ¢2(p) c fe (x) 
then | ot (p) $.(p) © f fi (Oty (x— 8) dt 


give us the original of L.H.S. of (4) to be 
& 2l—m 2’—n 


(at) * [b8(x—1) 3 Ing BYGAD) Jy [BADER] dt. 


The eal of R.H.S. of (4), obtained by term by term interpretation 
with the help of (2), is 
2(1+1+1}—k 


m+n—k oe OP we 
(~) b : 


ee Ma Dk+ 
Sera Ice (7) 


ye 


: 
sa eh Rt2r GB x) 
x te k-+-r; m+1,n+1; a’, 5%) 


* Carson, Electric Circuit Theory and Operational Calculus (McGraw Hill, New York, 1936). 
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Hence Lerch’s theorem gives that 
eR ge ain 
 f © F BOOT Nye CYR Irn BYTE] ct 
0 


2(1+-/-+l'/)—k 


m+ tn—ké 121 4 21 3 
eee GAR eS Like 2) PETS 3 
UK (m+ 1) Ey. (n —- 1) Bas =e r| J Ll! +7, k+2r (3 V/ x) 


x F,(—r,k+r; m+1,n+1; a’, 5%. (5) 


3. It is easy to see that the -known relation* 


‘ 1 MI yee P ro 
(A) G bz) J, (bz) =O" > eco F(m+r, —r3n+1; k?) 
r=0 . 
xX (A+ 2r) Sinsoy (z) 
by the above method gives the result} 


erty pve 1 itn) 4(n—m) © (mtr) 
Jin 3 ue bx) =(—)*™ b x Soca BATTED (n-++2r) SL ger aX) 
xX F(m+r, —r3n+1; k*) (6) 
and that the known relation} 
1 km nh ‘ amy a” pb” T(k oe 1) co (42)" 
(B) & z) ‘ ibe (az) lb (bz) - ke (m+ 1) Tas 1) 3 r ' tous (z) 


x Fi Ge, Br; miok, mls a’, b?) 


gives the result 


r 21m 2l'—n 
f (2) > Som BVA) [b2(x—- 9) 2 Inn BYE GD) at 


0 


20+1-+-1'\— 
m+n—K PA) AP Es ek 3 ats 
(—) (kal) ai be x co (—) x78 


P Tmt 1) TOFD) ZT Teter ar BY) 
x Pe 7 K+ Lium+ 1, n+-13 a?, Bb). (7) 


4. -As another illustration of the above method we, by putting 
: /"" 

.z=(-2 —-)im 

E ( A/ p 


* Watson, Bessel Functions (Camb. Univ. Press, 1922), p. 140. 


+ This result has been included here because it gives the expansion of a Humbert function 
in an infinite series involving Humbert functions. 


£ Bailey, Joc. cit. 
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ltmt+n 2+m+n, ). 
—z? 


(z) J, (2) = (5 Bi r( we 
Jon (Z bs 2 elt as 5 
m 2) on T(m+ ly l(t 1) \2 1+m1l+n,l+m+n; 


get that 
ata (-2f) aes (“2p 
Pp Ede 
lt+tmt+n 2+m+n, 
Tomty Tat pe 2 1-+m,1+n,1l-+m-4tn; P 


The original of L.H.S. of this is evidently 


z 2 ple —m 2a’—n 
if t > (x—t) 3 Sam Bt) Ign VED) dl. 


0 


R.H.S. of (8) 
Mm ze 1 
(-y" & sabe eS r)\ (CAE: n r) (— 4)” 
~ Tmt path 2 So * Fy (Leann) arden) eee 
- l+m+n 2+m+n 
Bees - (a) CF) ay tee 
['(m+1) Tatl),~ rt (l+m, r) +2, r)(1+m-+ 7, r) STO ae +r) 
ae yee Lin 2+ Na. it 
fe oe ek ike OE ae 2 ; 2 : 
UVES Ss a a ed ms e& 1-+-n, 1+m-+n me) 
Hence 
a 2a—m 2a’—n 
f t 2 (=) 8 Iam BYD Jy, n BYE=D dt 
0 
(aig ae l+m+n 2+ m+ iis 
ce me he. = hla de 2 : 
Dim+) atl le+ara) ve 1+ m,1+n,1+m+n, 24+ a4 -«:) 
i 5 3 j a G3 


The following cases in which the function on the R.H.S. of the general 
result (9) reduces to Humbert function deserve aes mention: 


* Whittaker and Watson, Modern Analysis (4th Ed.), p. 380. 
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I. Taking (1+ m-+n)/2=1+m and (2+ m+n)l2=1+m+n, we 
have 
* 4a+l east 
t® (x-d) © 5,4 Gt) Iya Gyx—o dt 


x (a+a’) +4 
~ teFaTHl 3s, 14ata’ GO -V4x) ON 


Il. Taking (1+ m+n)/2=1+m and (2+m+n)/2=2+a+a', we 
get that 
g 2a—2a'—1 2a’—2a—3 


parry) GO 8S” To. a: Meg Aiea) x 


gs 
= mg Due 58 Ja+a'+3, 2 (1tapay BV4R) nc) 
I. If d+m-+n)/2=1+ m+n and (2+ m-+n)/2 =1+7, then 
2 4atl 4a’-+1 


f PES 8 Tne 3A DO Ioeean Golan 


ae (a+a’)+é 


=~ ——aray rs 5-4, 140+’ 8 V4x) (12) 
a/m 2 
IV. Taking (lL+m+m)/2=2+a+a’ and (2+m+n)/2=1+7, we 
have 
a 2a—2a’—3 2a’—2a—3 


f t : Ja, a+a’+3/2 (34/1) (x—1) : Jy, a+a’+3/2 (3 /x—t) dt 
2a+2a’+1 
= in ae Ja+-a’+2, 2a+20'43 BW/4x) (13) 


V. Two more cases are possible when a+ a’+ (3/2)= 0. 
(i) If (+m +n)/2=1+m4+n-and (2+ m+n)/2=2+a+a, 


we have 
Ante eu m—~2a—2 
f t > Jam BV) G1 : J. 5232; Gvix—t) at 
2213 wir 
=~ eq gate Im, —(1 +m) GW4x) (14) 


(ii) Taking (1+m-+n)/2=2+a-+a’ and (2+m-+n)/2= 1+m-n, 
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we get 
« 2a—m m—2a—3 
fe Sam GVO) I apn Capt 
1 re meet 
= a Sm —m 3 VED»: - (15) 


provided that in these two results m is not an integer. 
5. When the above method with the substitution z= ae is applied to 


iF, (@; p; 2) XiFi (a; p3— Zz) = oFs (a, p— a; p, 4p, 49+ 4; 4z°)* 


we get the result 


z a; et ' 
Hf iF; xX iF x) dt 
° Bie 
ily buco a; x! 
- x ian 4p, 4p+4 2: 4; 3, 1,2 £ 3 1024 , Bu), 
We shall here also note three special cases— . 


(i) Ifa=p, 
(re (x— 1)? TL40(34/-7 Adare a (= y) a eee) 


(ii) when a= 1/2, 


feo 09 drone YE] rine Z9" Ia 


F p— 4; x¢ 
4(p—1) 1 6 es (18) 
NG ope ‘ & he, 40+ 4, 3,1, a5: 1024 


(iii) taking a= 1 we have 


f [SO Dales 5 1 ale: Yp—1.-3 PCs ra e 


ea ee iF x ra 
{TP '(p)}2 28? . 1024 bs 
p tae bid 


* Bailey, “Products of ” 
hol 54 S of generalised sy icaeinante series, Proc. Lond. Math. Soc., 1928, 
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6. The same operator z= a when applied to the known result* 
iF, (a; p3 x) Fi (o— ph L3i2= 4;—-x) 


(EEG a+; 4 x) Commas 
tp+4,4,3—4p; p (2— p) 


hae hp lad p< at 1: 
tals Dt 1a 2— 3 ps ‘4x') 


gives the result 


- a; \ Gee Pap Leis (x tN 2 
f Fa (e i, ares ME se Oe: 7) | ai 
Oo 


=x >F, Ge gnc < os ae see (2a~p) (1 —p)x* 
Sp+4 2? *, : east 4p, oe 3, 1 35 1024 6p (2— p) 
wt 1,4 es : 4 
oF es ap ites al x (20) 


; Sp+ if 3, 2— 4p, is Z, 3; z3 1024 


As in § 5 four particular cases deserve attention: 


i a cp, 
Fb P Prof) os EIT 
& ecu 
ae x spt 4: 3 x3(1—p) 
“LP Q— p — p) 7 ate Gi — 4p, 5, Z, ae Paes iam) +2 37 P(3- P) 
tp+ 1; x 
aus (; 2s 4p, 1 > Zo $5 => 1024 (21) 
(ii) If o= 1; 
2)? —tp 2/3 
f - PI is + C4/F) +0 (=) J# 
Poet Aes 4, 4, 1, 3, 1,2; 1024 
x9 (1—p) Mi a 
3ar (+p) nes aacae 1,3 Oe) l, g, 3, q; 1024 


* Bailey, ibid. | 


i8 B. R. Pasricha 


IL... (i). foe 2, 


; $(1—>) yr 3—p ~7F ] Mt 
. 


aS x F. (Gee 4p; x‘ 
Pid?” ' Met 4 4 3—4de bd 1, £5 1024 


x3 (1—p)? p.(i—-% bet 4: ia53) (23) 
Spee U 1, 3, 2— 4p, 1, 2, , ¢; 1024 
3(1-+ p)(2—p) 2” 4 4p+ 2P> 1,¢,3.¢ 


(ii) If a= p— 4, 


a — 4 of . &p—% x 1\ 2/3 
f iF; ; a1: 4) (x— t) J1-,,0[3 x) dt 


+ 


ey tp; 1— 4p Tosa We Cet) 
~ P@=p)* "Met 4,4, 9-4, 4, 4 1,4; 10247 3p FB—p) 


pio ** Got 1, §, 2— 4p, 1, 8 Fs 10 fee 
7. It remains to discuss the convergence of the infinite series occurring 
in results (5)—(7). 
Taking the result (5) we have the general term* of F, to be less than 
ys p2+4-2 (q+ b)2#, s is+ ive and > — mand—n. 
pmo 
Further 
th G++ h 
Jiguer+r, k+2r (3 4/x) = Lpotran Tate 


x {1+ Ory] 
Using this and the Stirling’s formula 


T(x) = x*-t e-* (2n)t e912), ‘poe ea 
wei have 
C(k+ 2r) P(k4+ r) 4 4l+l)-4 ey 
Fad : * Siprprte, k+2r (3 4x). 


i (xe)” 
ao [rer | 


* W. N. Bailey, “‘ Generalized Hypergeometric Series ” (Cambridge Tracts in Mathematics 
and Mathematical Physics, No. 32, 1935), p. 75. 


t Dr. R. S. Varma, “On Humbert Functions,” Annals of Math., 1941, 42, 429-36. 
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These give that the series on the right of (5) is less than 


pales ee i a aaa oo (xe)” co) 80—o._2s+- K—-2 


24 
Pim+l) Furh,~, HTK FTP >, (a+b) 


which is convergent when (a+ b) <1. 


Hence the infinite series on the right of (5) is convergent under the 
condition stated just above. 


The series on the right of (7) also converges under the same condition. 


Further it is easy to see that the general term of the series on the right 
of (6) 


a6 (= ae 


perthrd 


and accordingly the series is convergent. 


DYNAMICS OF THUNDERSTORMS* 
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Received 5, 1943 


THUNDERSTORMS are of such frequent occurrence and are of such great 
importance in meteorology, that every attempt at clarification of the pro- 
cesses involved would have a sufficient justification. Itis but natural that 
the thermodynamic aspect has taken the major portion of the discussions 
on the subject, as energy in the form of heat plays a large role in the pheno- 
menon. The dynamical aspect of the convective currents is also vital to the 
production of the thunderstorm and an enquiry into it is called for. 


The preliminary background was obtained by an examination of the 
actual upper air soundings made at Poona. The occasions when success- 
ful soundings have been made during thunderstorms at a given place are 
small and the number of observations during the successive development of 
a thunderstorm still less. The limitation set by the number of observations 
at a place on days of thunderstorms can be overcome by assuming that the 
meteorological conditions existing at stations in the neighbourhood of 
places recording thunderstorms give a fairly good picture of conditions before 
‘the onset of thunderstorms. The analysis yielded the following ideas :— 


(a) In general, the potential temperature of air increased with height, - 
i.e., the lapse rate was less than dry adiabatic. But on certain days, the rise 
of potential temperature with height was less marked and in some cases 
there was no appreciable rise for a thickness of one or two kilometres, ; 
i.e., the lapse rate was or very nearly was dry adiabatic. On the days when 
the lapse rate was nearly dry adiabatic, there was a tendency for 
thunderstorms to occur in the neighbourhood of Poona. 


(5) However, when the lapse rate was nearly adiabatic and the humi- 
dity of air small the distribution of thunderstorms was poor or absent. 


(c) The air was not necessarily saturated in the lower layers of the 
atmosphere on days of thunderstorms. 


The development of a thunderstorm which is essentially a convective 
phenomenon needs a cause for initial convection and then a Possibility of its 
maintenance once the convection has been started. 


* Substance of a colloquium given at the Meteorological Office, Poona, in March 1934. 
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There has been considerable discussion in meteorological literature regard- 
ing the existence of potentially colder air superposed over potentially war- 
mer air. If this superposition existed, it may be argued that the system 
being unstable, may initiate convection and even possibly maintain it. It 
is theoretically conceivable to have small isolated masses of air which may 
be potentially colder than the air below it. But it is not evident, whether 
it is ever possible to have a potentially colder stratum of air superposed over 
a potentially warmer one for any considerable area or over a long period. 
Further if such a superposition has once existed for some time, due to cer- 
tain boundary conditions, it may not give rise to upward motion by itself. 
A slight digression on this point may not be out of place. 


Rayleight showed as a_ result of Bernard’s experiments, that 
in shallow layer of liquid the temperature of the lower surface could be 
increased above the temperature of the top surface upto a certain limit 
before instability set in. Brunt and Low tried to apply this result to 
the existence of large lapse rates near .the ground on hot days. Later 
Jeffreys improved on Rayleigh’s results and obtained similar expressions 
for instability, but he “could not say how far the result could apply to 
the atmosphere’. Hales, applying the theory to the atmosphere, showed that 
the form of the result was not different from that obtained by the previous 
workers and deduced that only over a limited height, super-adiabatic lapse 
rates may occur, i.e., the potential temperature cannot decrease with height 
for any large interval of height. 


It may be argued that the top-heaviness due to the difference in the 
moisture content in different layers may lead to a different form of 
result and bring about instability. This can be disposed of without great 
details. The fundamental equations of instability in the thermal problem 
for a thin layer of air are: 


djdt (u, v, w)—vp A (u, v, w)=— (0/dx, d/dg, d/z).p— (0, 0; gp) — (1) 


dp/dt = p div. (u, vy, w) (2) 
dojdt=k A @ (3) 
p= po (1 — af), (4) 


1 Rayleigh, Phil. Mag., 32, 529. Coll. Works, 6, 432. Low, Nature, 65, 299. Brunt, 
ibid., 300. Jeffreys, Phil. Mag., 1926, 2, 833 and Proc. Roy. Soc., 1928, 118, 195. Low, 
Proc. Roy. Soc., 1929, 125, 180. Jeffreys, Proc. Camb. Phil. Soc., 1931, 26, 170. Malurkar, 
Gerland’s Beitr. Geophys., 1937, 51, 270. Hales, Proc. Roy. Soc., 151, 624. Also Malurkar 
in the Abstracts Nos. 28, 29, 37 of 1937 of the Physics Section of the Indian Science Congress, 
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where u, v, W are components or velocity of the fluid, p is the pressure, p 
the density at any point, v the viscosity, @ the temperature, k the thermal 
diffusivity, po the intitial density and a is a constant. The z-axis is measured 
vertically upwards and A is used as usual for 0°/dx?-+ 0°/dy?-+ 07/02”. 


The equations (1) and (2) do not explicitly involve temperature; (1) 
is the general equation of motion in a fluid taking account of viscosity and 
(2) is the equation of continuity. But equations (3) and (4) depend on 
temperature. Taylor? showed that in eddy diffusion, the moisture 
content or more accurately the mixing ratio obeyed an equation similar to 
the equation of heat conductivity. It is also well known that the density 
of air and the mixing ratio have a linear relation when thin layers 
are considered. If a thin layer of uniform temperature is considered and 
r the mixing ratio is taken to decrease uniformly with height to bring 
about top-heaviness equations (3) and (4) are replaced by similar equations 
involving mixing ratio 


drjdt=k' Ar (5) 


p= Po (1 —a’r). (6) 


The limits of instability can be worked out exactly as in the thermal 
problem except that the term mixing ratio replaces temperature at each stage 
of calculation. 


The criterion of instability would be, in terms of density, 
(p1— Po)/po < K kv/gh®, where p, is the density of the top-layer, A the thick- 
ness of the layer and K is a constant depending on the boundary conditions. 
Though investigation on the analogy of Hales to the whole atmosphere, 
with moisture as variable, has not been carried out, the nature of the equations _ 
allow one to be confident that that the criteria of instability brought about 
by top-heaviness due to temperature gradient and that due to the gradient 
of mixing ratio are at least to a first approximation analogous. 


It follows that between narrow limits, it may be possible to have top- 
heaviness owing to higher potential temperature at the lower levels or owing 
to injection of extra moisture in the lower layers. But instability rapidly 
sets in if the height interval is large. The top-heaviness which can exist in 
very shallow layers as deduced in the various papers on the basis of stability 
would not allow instability to set in without external stimulus; or initia- 
tion of convection without external stimulus is not likely in such systems 
The cause of initial upward motion must, therefore, be sought for Siecunene 


* Taylor, Phil. Trans. Roy. Soc., 1915, 215, 1. 
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than in the general or widespread temperature and humidity distribution 
that already exists. The possible local causes of upward motion are: 


(a) Strong unequal surface heating—If there was equal heating of the 
various strata in the very low layers of the atmosphere, the criteria 
developed previously may perhaps give rise to large lapse rates without crea- 
tion of instability when thin layers are considered. But when there is un- 
equal heating in any level such isolated stable strata or pockets of air do 
not form and upward motion is facilitated. In nature, the unequal heating 
is more likely; due to the fact that large tracts are covered by vegetation 
and others bare. The rivers, large water surfaces, uneven land or 
land not covered uniformly by vegetation or even non-uniform distribution 
of rocks and earth make the surfaces of equal temperature deviate largely 
from a horizontal position and upward motion can be initiated. The devi- 
ation of the isothermal surfaces from the horizontal would generally be 
great during the afternoons and early evenings. Even at other times, the 
non-horizontality of the isothermal surfaces brought about by differential 
cooling of the land and water surfaces may give rise to upward currents. 
When the top surface of a cloud cools by radiation and sinks, upward 
motion may indirectly be induced. 


(b) If the surfaces of equal humidity are not horizontal and the gradi- 
ent of humidity or mixing ratio sufficient, upward currents can be initiated. 
The analogy with temperature gradient can profitably be used. 


(c) At the surface of separation of two air masses large waves may be 
set up and in portions of the wave, upward motion is possible. 


(d) Gradient of wind velocity due either to (i) orography, or (ii) juxta- 
position of two air masses with very different horizontal velocities. When 
land rises abruptly, there is an upward component of wind whenever the 
wind blows against the land. When two air masses meet with very dif- 
ferent horizontal velocities the equation of continuity would indicate that 
large upward motion of air can take place. At a cold front or whenever 
there is wedge of cold air, the air adjacent to it will be lifted up. 


In the large-scale operations of the atmosphere, a mass of air rising due 
to unequal heating may be considered as an isolated air mass obeying the 
well-known equation : 

23 
T= 8 (G,10,— 1), (1) 
where 0, is the temperature of the rising mass, 9, is the temperature of the 
air immediately surrounding it and z is the vertical height measured up- 
wards. The friction and the dissipative forces have been neglected. The 
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equation cannot be solved in general. A simple case of an atmosphere with 
a uniform lapse rate » can be taken. At the initial level the temperature of 
the free air may be @ and that of the rising air @ + a, The rising air cools 
at the dry adiabatic rate A. At the initial level the rising mass may be 
taken to have no upward extra velocity imparted to it, Ze., would start 


from rest. Then 


G2 = g(a— dz+p2)[(0— pz) (8) 


; a) = glu {(A— w) wz (ap— 9+ 28) log (1 — 12/8)} (9) 


dz/dt would be zero at z= 0 and again at the point given by 

we (A— pw) z= (ap — 9+ Op) log (1 — 2/8). (10) 
As @ is large compared with A, » or z the equation can be approximately 
solved and dz/dt is equal to zero at 


2a [Q-2-F (11) 
while d?z/dt2=0 at a/(A— p). 


The level to which a mass of air rises due to its being lighter than its 
surroundings at any stage is not limited by the fact that at the terminal posi- 
tion the density must be equal to that of the surrounding air. The acceler- 
ation alone is reduced to nothing at the point of hydrostatic equilibrium. 
The momentum developed by the rising current would be able to carry 
the mass to a level considerably above the level of hydrostatic 
equilibrium. When this rising mass, after having overshot the hydrostatic 
equilibrium level, comes to rest at the hydrodynamic equilibrium 
level, it would be colder or denser than its immediate surroundings and 
would descend. Similarly during descent, the mass would go quite 
well below the level of hydrostatic equilibrium and find itself warmer or 
lighter than its surroundings. It will rise again and would execute oscilla- 
tions. The initial amplitude would be small if the rise of potential tempe- 
rature with height was large as the rising mass has nearly a constant potential 
temperature. If the increase in potential temperature with height is relatively 
smaller the amplitude of the oscillations would correspondingly be greater. 


In any particular problem, however, the successive amplitudes 
diminish, perhaps rapidly, due to the dissipative forces like resistance and 
mixing. For the problem on hand, it is not necessary that oscillations 
should take place but that the rising mass must be able to go above the 
level of static equilibrium. 
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In the thermodynamic treatment, the actual mode of rise of air is 
not very material. And often, the treatment is more or less static. The 
importance of the extra ascent between the levels of static and dynamic 
equilibrium is that though a mass of unsaturated air may not reach the 
stage of condensation before the static level, yet it may attain 
saturation before the dynamic level of equilibrium is reached. In 
the above equations it is easily seen that the extra height between the levels 
of static and dynamic levels is nearly of the same order as that between the 
initial level and the level of static equilibrium. In other words a mass of 
air which would have cooled by 10°C. by rising one kilometre to reach its 
static level of equilibrium may cool nearly 15 to 20° C. before the dynamic level 
of equilibrium is reached. The difference involved is obvious. The dyna- 
mical treatment allows the condensation point to be attained for a rising 
mass which is much drier than the semi-static treatment. If the conden- 
sation is reached before the level of static equilibrium is reached, no special 
complications arise. 


When the rising mass attains its saturation point and condenses, latent 
heat, which is comparatively large for water vapour, is liberated and it 
‘heats the air immediately surrounding the rising mass. This heated air has 
the impetus to rise due to this.extra energy and may in turn initiate further 
upward motion. The system becomes self-regenerating and, if conditions 
are favourable, may grow at a continuously accelerated pace to result in a 
thunderstorm. 


If the initial upward movement is due to unequal distribution of humi- 
dity and there is sufficient gradient of humidity upwards, arguments similar 
to the ones above can be used by replacing lighter for warmer and denser 
for colder. Once the condensation point is reached and the latent heat 
warmed the surrounding air, the further development would be similar to 
the upward motion due to extra heat imparted to the rising mass. 


When the upward movement is due to horizontal gradient of wind, 
either due to orography or frontal action, the density of air at the initial 
place of vertical motion is not lighter than the surrounding air. Hence 
the upward motion of air due to gradient of wind may be considered as 
analoguous to the stage described in the previous paragraphs when the 
lighter air had passed the level of static equillibrium but not yet come to rest, 
i.e., still possessed upward momentum. If this air reached its condensation 
point before the level of momentary rest is reached, the liberated latent heat 
would give the surrounding air impetus for further vertical motion after which 
the previous arguments may be applied. 
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In nature the conditions described as of distinct types do not occur 
individually. More than one condition is operative. The orography may 
be helped by extra surface heating and bringing in of moisture in the lower 
levels or relative drying up of higher levels. 


Incidentally, it may be mentioned that during the process of condensation 
and vertical movement, strong horizontal winds would drift away the pro- 
ducts of condensation and may inhibit the development of a thunderstorm. 
Weaker winds at higher levels would help the growth of a thunderstorm. 
The inversions may also help to conserve or localise the accumulation of 
energy. Every small addition of heat or moisture in the lower layers can 
be dissipated away by convection currents. The inversion by preventing these 
small currents would allow sufficient energy to be accumulated in the lower 
layers and when the convection is brought into play to counteract the 
effect of inversion, it may do so with explosive violence. 


When a uniform plate is heated from below the convection currents 
that are set up form isolated upward streams. There is no general upward 
transference of air over the whole plate. The actual places where these 
small rising currents are set up probably depend on irregularities on the 
surface. Even otherwise the points of ascent would perhaps be determined 
by the physical characteristics of the plate, e.g., the points of ascent would 
somewhat be similar to the nodes of the Chladni’s figures on the plate. 
The problem in nature, the places of occurrence of heat thunderstorms, 
may be compared to the patterns of nodes and anti-nodes in a loaded plate 
with suitable boundary conditions corresponding to the rivers, hills and other 
items of orography. This analogy was thought out during a conversation 
with L. P. Cohen and may profitably be followed up. 


From a practical point of view, the above discussion leads one to the 
useful conclusion in the case of heat thunderstorms: if at higher levels fresh 
air which is relatively cooler or potentially cooler than the one existed 
before or if at lower layers relatively warmer or potentially warmer and 
more moist air than that which existed earlier is brought about, the 
conditions become favourable for thunderstorms. If the convective currents 
are started these conditions would help to maintain convection and may 
give rise to thunderstorms. 

Summary 


The development of a thunderstorm which is essentially a convective 
phenomenon needs a cause for initial convection and then conditions for 
its maintenance once started. The possibility of the inherent instability 
due to potentially colder air superposed on potentially warmer air or the 
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analogous case of extra injection of moisture in the lower layers is shown to 
be not applicable in nature and that causes for initial convection must be 
found elsewhere than in the potential density distribution. Some of the 
causes are non-horizontality of surfaces of equal temperature and equal 
humidity; and gradient of wind velocity. It is shown that upward rise of 
air produced by unequal heating of the ground, does not stop where the 
rising mass of air attains a density equal to that of the environment (hydro- 
static equilibrium), but continues to rise higher till the momentum developed 
is reduced to zero. The extent of ‘over-shooting is nearly of the same 
order as the height between the initial level and the level of hydrostatic equili- 
brium. Once the condensation level is reached, it is well known that the 
convection will become regenerative due to the evolution of the latent 
heat of condensation. In the usual treatment of the problem, the ascend- 
ing parcel of air is expected to condense at or before it reaches the level of 
hydrostatic equilibrium if it is to develop into a thunderstorm. The dyna- 
mical treatment outlined in this paper takes into consideration the overshoot- 
ing of the parcel of air and thereby allows much drier air to reach conden- 
sation and thereafter maintain convection: and can thus account for a larger 
number of thunderstorms. 
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THE present investigation was undertaken with the object of synthesising 
compounds expected to possess insecticidal action similar to that of deguelin. 
With this object in view the action of grignard reagents on coumarins was 
taken up. This reaction was employed by Willstatter and co-workers' for 
the synthesis of anthocyanidines. Houben,? and Lowenbein, Pongracz and 
Spiess? have also recorded a large number of investigations leading to the 
formation of substituted chromens and suggested a mechanism for the course 
of the reaction employing a largeexcess of the grignard reagent. Heilbron and 
Hill* investigated the action of grignard reagents on substituted coumarins 
with the object of synthesising flavylium chlorides containing methoxyl and 
hydroxyl in the 4-position; the latter being expected readily to lose hydrogen 
chloride and pass into flavones. They obtained only diaryl products and 
consequently a detailed investigation of coumarins substituted in 3- and 4- 
positions was initiated. These investigations led them to the definite con- 
clusion that the course of the reaction resulting in the production of either a 
A? or A® chromen is influenced solely by the position of the substituent in 
the pyran ring. 


In this communication we are reporting the condensation of methoxy- 
methyl umbelliferone with excess of grignard reagents prepared from (a) 
bromobenzene, (5) p-brom anisol, (c) benzyl chloride, (d) a-naphthyl bromide, 


and (e) methyl iodide. a- Naphthocoumarin was condensed with magnesium 
phenyl bromide. All these condensation products are assigned the’ A?- 


chromen structure in conformity with the general conclusions arrived at 
by Heilbron and co-workers, that namely when the 4-position is occupied by 
a substituent the product formed is the A®-compound. 

CH, 
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The 2: 2-diphenyl-4-methyl-7-methoxy- A®-chromen was subjected to 
alkaline hydrolysis yielding the diphenyl-methyl-ether (III) thereby confirm- 
ing the A®*-structure. 


Experimental 


The general methods of reaction and processing were the same in all 
cases and so the details are given only in one case. 


2: 2-Diphenyl-4-methyl-T-methoxy- A*-chromen.—The  grignard reagent 
prepared from 3 grams (excess) of magnesium and the equivalent amount 
of bromobenzene was cooled in anice-bath and treated with 5 grams of 
methoxy methyl umbelliferon in dry benzene. The reaction mixture was 
refluxed on the water-bath for 12 hours, decomposed with iced dilute hydro- 
chloric acid and thoroughly extracted with benzene. After removing the 
benzene the residue was steamed to remove volatile impurities. The residue 
was extracted with ether, dried and solvent removed, yielding a solid melting 
at 60-65°. Repeated crystallisation from 95% alcohol yielded clusters of stout 
flat needles melting at 93°. 


(Found: C, 84-1 and H, 6-6. C,3H,9O. requires 84-1 and 6:1 respec- 
tively.) 

2: 2-Dianisyl-4-methyl-7-methoxy- A°-chromen.—The crude product ob- 
tained from the reaction was a reddish viscous mass and on repeated crys- 
tallisation from absolute alcohol yielded needle-like tufts melting at 110°. 


(Found: C, 77:4 and H, 6:2. C,3H2,0,4 requires 77-3 and 6-2 respec- 
tively.) 

2: 2-Dibenzyl-4-methyl-7-methoxy- A*-chromen.—The product of the 
reaction had first of all to be pressed on to a plate to remove the persistently 
adhering oily impurity and then crystallised from alcohol in rosettes of colour- 
less needles melting at 52°. 

(Found: C, 84-2 and H,6°8. C,s3H,,O2 requires 84:3 and 6:7 respec- 
tively.) 

2: 2-Di-a-Naphthyl-4-methyl-7-methoxy- A*-chromen.—T he viscous 
semisolid reaction mass was refluxed with excess of alcohol when an impurity 
was dissolved out and the product solidified. This processing was repeated 
with fresh alcohol each time till a fine colourless powder was obtained. 
Final crystallisation from glacial acetic acid gave a pure product melting 
at 240-41°. 


(Found: C, 86:7 and H, 5:7. C,;H»,O2 requires 86:9 and 5-6 respec- 


tively.) 
A4 
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2:2: 4-Trimethyl-1-methoxy- A °-chromen.—-The product is a liquid 
boiling at 158-60°/12 mm. 


(Found: C, 76:1 and H, 7-9. CysHyQ2 requires 76:5 and 7°8 respec- 
tively.) 

2 : 2-Diphenyl-4-methyl-a-naphtho- A *-chromen.—The product on crys- 
tallisation from a large volume of 95% alcohol yielded yellow prisms melt- 
ing at 126-27°. 

(Found: C, 89-5 and H, 6-3. . CsgH2oO2 requires 89-7 and 5-8 respec- 
tively.) 

Alkaline hydrolysis of 2: 2-Diphenyl-4-methyl-7-methoxy- A *-chromen.— 
2 Grams of the substance was refluxed with 50 c.c. of 50% potassium 
hydroxide for 60 hours. The solid melted and remained as a viscous liquid 
on the top of this alkaline solution. After hydrolysis was over the reaction 
mixture was diluted with 200 c.c. of water, cooled and extracted with ether. 
The ethereal extracts were united, dried over anhydrous magnesium sulphate 
and the ether removed. The residue weighed 1-2 grams and solidified to a 
hard mass. Crystallisation from alcohol yielded needles melting at 105-5°, 


(Found: C, 82:3 and H,6-1. Cyo9H gO, requires 82-7 and 6-2 respec- 
tively.) 


Summary 


The action of grignard reagents on methoxy methyl umbelliferone and 
a-naphtho coumarin was investigated to prepare compounds similar to 
certain naturally occurring benzopyrans. 
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IN a previous communication Prasad and Gogate! have reported the results 
of the measurement of the opacity changes during the formation of thorium 
molybdate, stannic arsenate, and silicic acid gels with the help of a newly 
devised apparatus which involves the use of a compensated photocell circuit. 
The description of the apparatus is given in the author’s paper (loc. cit.). 


In the present investigation the study of the opacity changes has been 
.continued by the same apparatus during the setting of thorium phosphate, 
cerium phosphate, thorium arsenate and stannic phosphate gels. 


Experimental Procedure 


The experimental procedure adopted was practically the same as em- 
ployed by Prasad and Gogate. Varying amounts of the solutions of the 
two constituents of the gel-forming mixture were taken in two test-tubes 
and certain amount of distilled water was added so that the total volume 
of the gelating mixture was 8c.c. in the case of stannic phosphate and 
thorium arsenate gels and 9c.c. in the case of thorium phosphate and 
cerium phosphate gels. The two test-tubes were corked and kept in the 
thermostat for about 15 minutes. Then the contents of the test-tubes were 
mixed and the opacity readings were taken. 


The results obtained with each of these gels are given below. 
7. Thorium Phosphate Gels 


They were prepared by the method of Prasad, Mehta and Parmar.? It 
was found that if a mixture of potassium phosphate and phosphoric acid is 
employed instead of phosphoric acid alone, the whole system is initially 
opaque and there is a change in transparency during gelation and the 
mixture sets into a very transparent gel in a short time. This method of 
preparing thorium phosphate gel was used and the following solutions 


were employed: 
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(A) 6% solution of thorium nitrate (Kahlbaum). 

(B) 12% solution of potassium phosphate (Merck). 
(C) 1:6 N phosphoric acid. 

(D) 0:2 N HCl. 

The results obtained during the gelation of thorium phosphate gels 
are shown by means of curves obtained by plotting the opacity in terms of 
observed deflections in cm. against time in minutes. The effects of the 
addition of different amounts of (A), (B) and (C) (D) and of methyl and 
ethyl alcohols on the opacity changes during the course of gel-formation 
were investigated. 

The effect of thorium nitrate was studied by adding 4 to 6c.c. of (A) 
to a mixture containing 0:5c.c. of (B) and 0-3c.c. of (C). The effect of 
phosphoric acid was studied by adding 0-1 to 0-5c.c. of (C) to 0-Sc.c. of 
(B) before it was added to 4:5c.c. of (A). The effect of HCl was studied 
by adding 0-2 to 0-8 c.c. of (D) to a mixture containing 0-5 c.c. of (B) and 


A =.¢.¢ OF THORIUMMITRATE 
Ba ‘OF POT. PHOSPHATE. 


Cm 9 OF PHOSPHORIC ACID 
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0:2c.c. of (C) before it was added to 4:5c.c. of (A). The effect of ethyl 
alcohol was studied by adding 0:5 to 1-0c.c. of ethyl alcohol to a mixture 
containing 0-5c.c. of (B) and 0:3 c.c. of (C) before it was added to 4:5 c.c. 
of (A). The effect of methyl alcohol was studied by adding 0-5c.c. to 
1-5¢.c. of methyl alcohol to a mixture containing 0-5 c.c. of (B) and 0:4 c.c. 
of (C) before it was added to 4-5c.c. of (A). 


Some results indicating these effects are given in Figs. 1 and 2. 


AqC.c-OF THORIUM NITRATE 
Be >» POT-- PHOSPHATE 
» » PHOSPHORIC ACID 
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2. Cerium Phosphate Gels 
These gels were prepared by the method of Prasad and Desai.? The 
following solutions were used: 
(A) 10% cerium nitrate. 
(B) 12% potassium phosphate. 
(C) 0:2 N HCL. 
The effect of cerium nitrate was studied by addding 4-5 to 7-0c.c. of (A) 
to 1-0c.c. of (B). The effect of potassium phosphate was studied by adding 
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1:0 to 1:5c.c. of (B) to 4-5c.c. of (A). The effect of the addition of HCl 
was studied by adding 0:5 to 1-0c.c. of (C) to 1:0c.c. of (B) before it was 
added to 4:5c.c. of (A). The effect of ethyl alcohol was studied by adding 
1-0 to 2:0c.c. of the same to 1:0c.c. of (B) before it was added to 4:5 c.c. 
of (A). 


Some results indicating these effects are given in Fig. 3. 


Cc. OF 
A =cERIUM NITRATE 
B = (POT. PHOSPATE 
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3. Thorium Arsenate Gels 


These gels were prepared by the method of Prasad and Desai (Joc. cit.). 
The following solutions were used: 


(A) 6% thorium nitrate (Kahlbaum). 


(B) 10% solution of pyro-arsenic acid (extra pure Merck). 
(C)e2cNoACE 


The effect of thorium nitrate was studied by adding 4 to 6c.c. of (A) 
to 0-54c.c. of (B). The effect of pyro-arsenic acid was studied by adding 
0-48 to 0-72 c.c. of (B) to 4c.c. of (A). The effects of HCl, ethyl alcohol, 
methyl alcohol and glycerine were studied by adding 0-06 to 0:2 c.c. of (C), 
0:2 to 0-4c.c. of ethyl alcohol, 0-1 to 0-3c.c. of methyl alcohol and 0:06 


to O-lc.c. of glycerine to 0-54 c.c. of (B) before it was added to 4-0 Ci. 
of (A). asi 
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Some results indicating these effects are given. in Fig. 4. 
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4. Stannic Phosphate Gels 


These gels were prepared by the method of Prasad and Desai (loc. cit.). 
The following solutions were used: 

(A) 43:82 g. of stannic chloride dissolved in 250c.c. of distilled 

water in the presence of 1-0c.c. of nitric acid to prevent 


hydrolysis. 
(B) 0:2N phosphoric acid. 
(Cy 2 NHC! 


The effect of stannic chloride was studied by adding 2-2 to 3-0c.c. of 
(A) to 2:4 c.c. of (B). The effect of phosphoric acid was studied by adding 
2-4 to 3-0c.c. of (B) to 3:0c.c. of (A). The effect of HCl was studied by 
adding 0-1 to 0:2.c.c. of (C) to 2-4 c.c. of (B), before it was added to 3-0. c.c. 
of stannic chloride. The effects of methyl, ethyl, propyl alcohols were 
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studied by adding 1-0 to 2-0c.c. of methyl alcohol, 1-0 to 2:0c.c. of ethy 
alcohol and 1-0 to 3:Oc.c. of propyl alcohol, respectively to 2-4 c.c. of (B) 


before it was added to 2-4 c.c. of (A). 
Some results indicating these results are given in Fig. 5. 
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3. Discussion of Results 

All the results given above are reproducible and the experimental error 

is within + 2 per cent. These results are therefore important as they repre- 

sent accurately the changes in opacity taking place during the setting of the 

gels studied in this investigation. The time-deflection curves in all these 
cases are continuous and thereby indicate that ion i i 

el t 

re ae a gelation 1s a continuous 

The results obtained in the case of each gel are discussed separately 


in the following. 
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1. Thorium Phosphate Gels— 


The time-deflection curves (Figs. 1 and 2) show that the gels are opaque 
in the beginning. The opacity decreases during gel-formation and it reaches 
a constant value. 


It will be noticed from the various curves in Fig. 1 that increasing 
amounts of thorium nitrate (curves 4 and 5), phosphoric acid (curves 1 and 2) 
and HCl (curves 2 and 3) in the gel-forming mixture increase the rate of 
change of opacity and make the gel more and more transparent. It is 
interesting to note that a small quantity of phosphoric acid is able to make 
the gel very transparent. 


Non-electrolytes exercise a great influence on the course of gel-forma- 
tion. Increasing amounts of methyl alcohol (curves 6 and 8) and ethyl 
alcohol (curves 7 and 9, Fig. 2) in the gel-forming mixture decrease the rate 
of change of opacity. In these cases there are no great changes in the final 
value of opacity. 


In the case of these gels the plot of log d against t (d being the deflection 
at the time t), was found to be a straight line, showing thereby that d= ae~™. 


2. Cerium Phosphate Gels— 


These gels, like thorium phosphate gels, are opaque in the beginning 
and become transparent during setting (Fig. 3). 


Increasing amounts of cerium nitrate (curves 3 and 4) and potassium 
phosphate (curves 1 and 4) decrease the rate of change of opacity and make 
the gel more and more opaque. However, increasing amounts of HCl 
increase the rate of opacity and make the gel more and more transparent 
(curves 4 and 5). 


The effect of ethyl alcohol is the same as that of cerium nitrate; the 
rate of change of opacity is decreased and the gel becomes more and more 
opaque as the amount of alcohol in the gel increases (curves 2 and 4). 


In the case of this gel also, log d plotted against t, was found to be a 
straight line, so that d = ae. 
3. Thorium Arsenate Gels— 


These gels are clear in the beginning and become opaque during setting 
as shown by the deflection-time curves (Fig. 4). 

Increasing amounts of thorium nitrate (curves 2 and 5) decrease the 
rate of change of opacity, whereas increasing amounts of pyro-arsenic acid 
(curves 2 and 7) increase the rate, Increasing amounts of HCl increase 
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the rate of change of opacity (curves 1 and 2). Non-electrolytes employed 
are ethyl and methyl alcohols, and glycerine. Curves 2 and 4, 2 and 6, — 
2 and 3, respectively, show their effects. It will be seen that non-electrolytes 
decrease the rate of change of opacity. 


4, Stannic Phosphate Gels— 


The deflection-time curves in Fig. 5 show that the stannic phosphate 
gels are clear in the beginning and they increase in opacity during gel- 
formation and reach a constant value. 


The rate of change of opacity is decreased by the addition of increasing 
amounts of stannic chloride to the gel-forming mixture (curves 1 and 5), 
whereas increasing amounts of phosphoric acid increase the rate of change 
of opacity (curves 3 and 5). 


Increasing amounts of HCl decrease the rate of change of opacity 
(curves 5 and 7). Curves 1 and 6, 1 and 4, and 1 and 2 represent the effects 
of the addition of increasing amounts of methyl, ethyl and propyl alcohols 
to the gel-forming mixture. It will be seen that their addition causes the 
decrease in the rate of change of opacity of the gel-forming mixture. 


One of the factors that causes the change of opacity is the change in 
the intensity of the scattered light by the gel-forming mixture with time. 
The intensity of light scattered by a colloid system is given by Lord Rayleigh’s 
equation, which under standard and fixed conditions can be written as 


LS-kKV"N; 


where N is the number and V, the volume of the scattering particles. The 
observed changes in the opacity during gel-formation may be due to changes 
in these two factors during the setting of the gels. 


Changes in the intensity of scattered light which cause’ changes in 
opacity may also be brought about by changes in the anisotropy, arrangement 
and distribution of the micelles in a gel as pointed out by Prasad and Gogate. 
It is quite probable that changes in the anisotropy, distribution and arrange- 
ment of the micelles in the gel taking place with the changes in the amounts 
of the constituents of the gel-forming mixtures may be responsible, to a 
great extent, for the rate of change of opacity and also for the final value 
reached at the completion of the gelation process. 


Further work on the changes in the intensity and depolarisation factors 
of the light scattered by gels during and after gelation is in progress. From 
the total scattering observed an attempt is being made to separate the 
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scattering due to size, number and anisotropy and to study their changes 
during gelation. 


The authors feel grateful to Dr. Mata Prasad, D.sc., F.1.C., for suggesting 
the problem and for the guidance throughout the progress of this work. 


6. Summary 


The opacity changes during the formation of gels of thorium phosphate, 
cerium phosphate, thorium arsenate and stannic phosphate have been 
investigated. Opacity-time curves, in the case of thorium and cerium 
phosphate gels, are exponential in character. 


The changes in the opacity with time of the gels formed from different 
amounts of the constituents of the gel-forming mixture and the effects of 
HCl and non-electrolytes on the course of gel-formation have been investi- 
gated. In general non-electrolytes decrease the rate of change of opacity, 
while HCl increases the same. 


The final values of opacity are not the same in all these cases but they 
vary with the concentration of the constituents of the gel-forming mixture. 
It has been suggested that the changes in the rate of changes of opacity and 
the final value of opacity may be due to the changes in the number, size, 
anisotropy, distribution and arrangement of the micelles taking place under 
the different conditions of the gel-formation. 
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Introduction 


Our knowledge concerning the conditions prevailing in the upper atmosphere 
of the earth comes mainly from the following two sources: (1) From the 
behaviour of the ionized layers towards radio waves and the magnetic 
variations, it is possible to make certain estimates of the concentrations of 
electrons, heavy ions and neutral particles in the different layers. In the 
present work, we shall not be concerned with the various aspects of these 
problems. Suffice it to summarize the main results as follows!: 


Electron density 


Heavy ion Collision | Concentration 


‘ freq. of of neutral 

Day | Night density electron particles 
F layer 200-300 km. 3x 105/c.c. | 2x 108/c.c. | 105-108/c.c. | 6x 10%/sec. 10?2/c.c. 
E layer 100 km. ..| 1-5x105/c.c. | 8 x 10°/c.c. 10®/c.c. | 2x105/sec. | 3x10Jc.c. 


ee ee ee 
The ionization and the dissociation of the atoms and molecules are due to 
the ultraviolet radiations from the sun. The rather slow falling off of the 
electron density after sunset and the much higher concentration of heavy 
ions than that of electrons, are due to the small probability of recombination 
between electrons and positive ions and the much more frequent occurrence 
of attachment process of electrons to neutral atoms and molecules, the former 
process taking place at the rate of about 10-* per second and the latter about 
1 per second at the pressure of the E layer. 


me (2) From the analysis of the spectra of the night sky and the aurora, 
it is found that in both cases the radiations consist of the forbidden lines of 


1 Cf. H. S. W. Massey, Negative Ions, 
Later results are unfortunately not availab 
discussions in the following. 
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1938, Cambridge Univ. Press (1938), pp. 89-100. 
le to the writer, but they would not affect the 
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[OI], the various band systems of N, and N,*+, some weak bands of O, and 
H,0 and some lines or bands of uncertain origin. There is a great difference, 
however, between the spectrum of the night sky and that of the aurora 
borealis, namely, the negative bands of N,* are very strong in the latter but 
very weak in the former, while the Vegard-Kaplan bands of N, are very 
Strong in the former but rather weak in the latter. In each individual band 
system, certain bands in certain sequences are particularly enhanced. 
Evidently a clear understanding of the excitation mechanisms of these radia- 
tions will contribute greatly to our knowledge of the conditions in the upper 
atmosphere of the earth. For convenience of the discussion, we shall 
summarize the main features of the spectra of the night sky and the aurora 
as follows?: 


(a) The forbidden lines of [OI].—The green line at 5577 A is by far the 
most intense line in the spectrum of the night sky and is also very intense 
in the aurora. The red lines at 6300 and 6364A are inferior in intensity 
in both cases, but are still fairly strong compared with the other bands in 
each spectrum. In the night sky, the green line increases very slowly in 
intensity and reaches a maximum towards midnight after which it decreases 
slowly again.** The red lines on the other hand have the greatest intensity 
immediately after sunset and fall off gradually in the night. In the sunlit 
aurora, the red lines are found to be greatly enhanced relative to the 
green one.° 


(b) First negative bands of Nz*.—In the aurora spectrum, the following 
negative bands of N,* are very intense?: 
4708 A (v'=0>v"=2), 4278 A (’=0>v"=1), 3914A (’=0>v"=0). 
4648 (. 1> 3), 4236 ( 1> A 

4199 ¢.. 2. = 3), 

The 4708, 4278 and 3914 bands have comparable or even greater intensities 
than the green 5577 line in the ordinary aurora, and become very much 
more intense than the latter in sunlit aurora.?* In the night sky, perhaps 
only the 3914 band can be identified with certainty.‘ 


(c) Vegard-Kaplan bands of Nz.—In the night sky spectrum, the radia- 
tions next in intensity to the forbidden lines of [OI] are the Vegard-Kaplan 


4 


2 For a summary of the facts concerning the spectra of the aurora and the night sky, see, 
respectively, E. W. Hewson, Rev. Modern Physics, 1937, 9, 403; and G. Dejardin, ibid., 1936, 8, 1, 
and references given there. 

3 Cf. G. Dejardin, loc. cit. 

4 C. T. Elvey, P. Swings and W. Linke, Astrophys. Jour., 1941, 93, 337. 

5 L. Vegard and E. Tonsberg, Nature, 1936, 137, 778. 
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bands of Nz. The bands observed by Sommer, Cabannes® and Elvey, 
Swings and Linke* are summarized in Table I. 


TABLE I 


Vegard-Kaplan Bands in the Night Sky 


| y” | 10 | 11 | 12 | 13 | 14 | 15 | 16 | 17 | 18 
y’ | | 
0 3598 3889 4220 4603 5062 - | 
1 3425 3707 3984 4316 4719 
2 3501 3787 4073 4420 4827 5324 
3 3582 3855 4174 4543 4962 
4 3664 3949 4270 4650 
5 3742 4048 4379 4768 
6 3834 4144 4493 
7 Ryu We 3424? | 3936 | 4259 4616 


Of these, the 4073, 4171, 4270, 4420, 4543 and 4827 bands from the levels 
y’= 2, 3, 4 are the most intense. In the aurora spectrum, some 10 stronger 
ones of these bands have also been identified, although they are in general 
very weak.® 


(d) First positive bands of N»—In the aurora spectrum, the bands 
.observed by Vegard at 6323 and 7880 A have been identified with the 
v =10>v"=7 and v’'= 7>yv" = 6 transitions respectively. In the spectrum 
of the night sky, a number of first positive bands has been found, the 
more intense ones being those from the vibrational levels v’=7 and 15 
according to Cabannes.* More recently, Elvey, Swings and Linke have 
identified from their own and Babcock’s observations the following bands 
(4—>1), (7—>4)» (84), (85), (9->6), (10-4), (10->5), (115), (118) 
(12->7), (12-+8), (13->8), (13->9), (14-+9), (1511), (16—>12). These. 
are weak compared with the Vegard-Kaplan bands. . 


j 


(e) Second positive bands of N,.—In the aurora, the sequences y”— y’ 
= —1, 0, 1, 2, 3, 4, with vw from 0 to 5 and 6, are observed. They arel 
weak compared with the negative bands of N,*. In the night sky, the bands 
of the second positive system are very weak. Cabannes found the bands 
4574 A (v= 1—v"= 6), 4059 A (v'=0—y" = 3), 3998 A (v’ = 1+ y" = 4) 
On the other hand, these bands do not appear in Elvey, Swings and taes 
spectrograms. These authors found instead only the 3159 (10) and the 
3371 (0-+0) bands; even then the identifications are not certain since each 


° Cf. J. Kaplan, Phys. Rev., 1938, 54, 198, and reference given to the works of Vegard. 
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of these bands can be equally well ascribed to other transitions in other 
band systems. 


(f) Lyman-Birge-Hopfield bands of N,.—The existence of bands of this 
system, especially those from v’=0 to v” = 19— 23, has recently been made 


plausible by the observations and identifications of Elvey, Swings and 
Linke.’ 


(g) Atmospheric bands of O,.—The observations and analysis of Cabannes 
seem to suggest the existence of the A, B, a, a’, a”, bands of O, at 0:76 pn, 
0°69 pv, 0-63 uw, 0°58 uw, 0:54, corresponding to the transitions 0-0, 1—0, 
2—>0, 3—0, 4-0 respectively. On the other hand, from Babcock’s and 
their own observations, Elvey et al. concluded that probably only the a’ 
band is present in the spectrum of the night sky.4 


(h) Schumann-Runge bands of O,—Elvey, Swings and Linke showed 
from their own observations, and Kaplan from those of Gauzit, that the 
positions of certain ultraviolet bands in the night sky agree quite well 
with the transitions v’=0, 1—v”’= 12— 18, in the Schumann-Runge system 
and suggested their probable presence. 


(i) The yellow lines of Na.—The yellow lines of Na have been observed 
by Bernard, Cabannes and others at 5893 A in the spectrum of the night 
sky.’ They are not observed in the aurora. 


(j) Water vapour bands.—The observations and analysis of Cabannes® 
seem to suggest strongly the presence of the water vapour bands at 0:59 p, 
0:65p, 0:°698 py, and 0:72. On the other hand, from their own and 
Babcock’s observations, Elvey, Swing and Linke concluded that probably 
only the 0:65 » band is present in the spectrum of the night sky and regarded 
the problem of water vapour bands in the night sky as unsettled. 


In addition to these, there are some weaker lines or bands of uncertain 
origin in both the spectrum of the night sky and that of the aurora. But 
undoubtedly the above-mentioned radiations are the most important 
features in both cases. 


To explain the cause of the aurore, their shapes and spectral charac- 
teristics, many theories have been proposed. A common feature of the 
more successful ones is that the emission of radiations of the aurora is 
excited by swift particles which may be directly ejected from the sun, or may 
be secondary particles resulting from these corpuscular rays or from ioniza- 
tion of the uppermost atmosphere by sudden outbursts of ultraviolet 


R. Bernard, Astrophys. Jour., 1939, 89, 133; J. Cabannes, J. Dufay and J. Gauzit, ibid., 
1939, 88, 164, and references to earlier papers given in these papers. 
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radiations from the sun. These theories, while successful in ait 
source of energy for excitation and explaining the forms of the aurore, an 
their concentration near the poles, cannot account for the selective nature 
of the excitations of the various radiations, and in particular, for the 
enhancement of certain bands in a system. Corpuscular rays, whatever they 
may be, must be expected to have a certain spread in energy; and as the 
excitation functions of atomic and molecular transitions by electron impact 
do not possess sharp maxima in general, one would expect more or less 
non-descript rather than the highly selective excitations observed. Also the 
complete absence of radiations corresponding to the allowed transitions in 
the atoms of N, O, He and H would be difficult to understand,® as the’ 
difference between the excitation potentials of these atoms and those ot the 
observed lines and bands would be small compared with the energies avail- 
able in the corpuscular rays. Hence it appears that while these theories 
may be correct in dealing with the large-scale features, the corpuscular 
rays cannot be solely responsible for the excitations of the radiations in the 
aurora and in the night sky. 


Towards the understanding of the nature of the mechanism in the 
excitation processes in the upper atmosphere, considerable progress on the 
experimental side has been made by Kaplan by reproducing very closely the. 
various spectral characteristics of the aurora and the night sky by running 
electrical discharges and afterglows under special conditions in the labo- 
ratory.® Thus he found that it is possible to produce the green [O]] line, 
the Vegard-Kaplan bands and other bands of N, and N,* in various 
relative intensities by varying the conditions of the discharge. The produc- 
tion of the Vegard-Kaplan bands not only shows that the metastable | 
N, (A®Z) molecules are present but suggests that they may play an 
important réle in the excitation of the other bands. In fact it is possible 
to explain the enhancement of the bands from v’= 6, 7 and v’= 10, 11 in the 
first positive system of N, in an afterglow in active nitrogen as the result 
of collisions of the second kind Q,,) and Q, in Table II. While these 


8 We believe that the absence of the He and H lines in the aurora and the night sky is no 
argument against the presence of He and H in the upper atmosphere, but means that the excita- 
tion condition there is not adequate for the production of the lines of He and H as well as those 
of N and O. In fact, there is some indication, although uncertain, for the presence of two NH 
bands 3371 A (00) and 3360 A (1—>1) in the night sky, according to Kaplan, Phys. Reyv., 1939, 
55, 593, and Elvey, Swings and Linke, Joc. cit. If these identifications are correct, they would 
indicate the presence of atomic H in the upper atmosphere, which forms NH on combining with 
the N atoms. 


® Kaplan’s experiments are reported in various issues of the Physical Review and the Nature 
from 1928 to the present day. 
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experiments are exceedingly valuable in throwing considerable light on the 
problem, one cannot immediately identify the conditions in the upper 
atmosphere with those in the discharge tubes. In the latter, excitations 
by electron impact play a réle that cannot be ignored, while in the upper 
atmosphere excitations by electron impact become impotent on account of 
the low energies of the free electrons, unless one invokes high energy 
electrons in corpuscular rays, in which case one introduces the difficulty 
with the selective excitations discussed above. The considerable difference 
in pressure in the discharge tube and in the upper atmosphere is another 
factor that must be reckoned with, since the question whether a forbidden 
transition radiates or not depends on the frequency of quenching collisions, 
which is in turn determined by the concentration of the appropriate colliding 
particles. Even the walls of the discharge tube constitute a great difference 
from the atmosphere, since they furnish the most efficient third-body for the 
formation of metastable molecules on recombinations between the atoms, 
while a three-body collision becomes a rare event in the upper atmosphere 
on account of the low pressure there. 


On the theoretical side, many theories have been proposed for the 
excitation mechanisms in the upper atmosphere, among which the one due 
to Chapman seems to be most favoured by many authors.!° According to 
it, the source of energy of the radiations in the night sky is the energy 
of dissociation of the oxygen molecules stored up during the day, and the 
radiations of the O atom and the N, molecule are excited when two O atoms 
recombine in their neighbourhood in a three-body collision. We shall show 
in the following that the frequency of occurrence of such three-body colli- 
sions is entirely much too low to account for the observed intensities of the 
various radiations and that the theory is inadequate in explaining the 
diurnal intensity variations of the most prominent radiations in the night 
sky.1° It is proposed to show that the main spectral features, especially of 
the night sky, can be satisfactorily understood on the view that the key 
processes are the formation of the metastable molecules of oxygen and 
nitrogen by radiative recombinations between the atoms generated during 
the day, and the excitation processes are then the various collisions of the 
second kind, of the resonance type, between the metastable molecules and 
atoms. It is important that any suggested mechanisms be not judged on 
energetic considerations alone; it is necessary to pay a closer attention to the 


10 S. Chapman, Phil. Mag., 1937, 23, 657. ’ Most unfortunately this journal is not available 
either in Kun-ming or in Chungking ; but from another paper by Chapman, Astrophys. Jour., 
1939, 90, 309, and a paper by Cabannes, Comptes Rendus, 1939, 208, 1770, it is gathered that only 
dissociation of O, and three-body recombinations are considered. 
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rates at which the various processes might take place in the upper atmosphere 
and to see if they may account for the observed intensities of the radiations. 
For this a closer discussion of the probabilities of the various processes 
is necessary. 
Theory 

We shall start with an atmosphere that is composed mainly of Ne, 
a smaller amount of O,, some rare gases and some water vapour, and assume 
that as the result of dissociation and ionization of the N, and O, molecules 
by the ultraviolet solar radiations, there are also present N and O atoms, 
N,* and O,* ions as well as N+ and O+ ions. These ions, the electrons and 
the negative ions formed by the attachment of electrons to neutral atoms and 
molecules do not play any direct réle in the excitation processes in the theory 
and hence will be ignored in the following. The primary processes are: 


Nz (X 12)+ hv (A < 1000 A)—2 N (?P), (1) 

Nz (X 12)-+ hv (A < 1200 A)—>N (?D)+ N (?P), (2) 

O, (X 32)+ hv (A < 1750 A)—O (®P) + O CD), (3) 
and to a less extent and in the lower atmosphere, 

Oz (XK 32’) + hv (A < 2400 A)—2 O (®P), (4) 

O; + hv (A < 2700 A)—O, (KX? Z)+ O (D). (5) 


Positive ions may be produced by the photo-ionization of the N, and O, 
molecules and the atoms, by solar radiations of very short wave-length; 
but it is also possible that the metastable N, (A 32) and O, (C 32) formed 
from the N and the O atoms by the processes, Q;, Q3, Q;, Q, in Table II 
contribute greatly to the ionization by absorption of ultraviolet radiations 
of longer wave-length and hence of greater abundance in the solar 
radiations. 


N, (A 3Z)-+ hv > 2N, (6) 
Nz (A 2) + hv > N,* (X 2B), (7) 
O, (C *3)+ hy +20, (8) 
O, (C 82) + hv > O,* (K? +e. (9) 


The ionization potentials in (7) and (9) are 9-7 and 7-5 volts respectively 
compared with the 13-6 and 14-5 volts respectively for the O and N atoms. 
It Is not necessary to exclude the possibility that some dissociation and 
ionization are effected by agents other than ultraviolet radiations; but as 
we shall immediately see, on account of the low probabilities for either the 
radiative or the three-body recombination, the atoms produced in the day 
by the processes (1), (2), (3), (6) and (8) will disappear slowly enough to 
account for the réle they are assumed to play in the night sky. In fact, 
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for this purpose alone, it is not necessary to invoke the action of agents 
other than the solar radiations. 


On the assumption that there are present in the upper atmosphere the 
atoms and molecules of N and O but no radiations to remove the meta- 
stable N,(A*Z) and O,(C2Z), as it is the case after sunset, the various 
processes in Table II are possible. In the following we shall assess their 
plausibilities. The actual contribution of a given process depends of course, 
besides on the intrinsic probability of the process, also on the concentra- 
tions of the particles involved. 


Of these processes, Qe, Q,, Qz’, Qr”, Qe, Qo, Qs’, Qo”, Qios Qro’s Qu, 
Qe, Qie’s Qis, Qua, Qis, Qig, Qiy are collisions of the second kind in which 
the energy of electronic excitation of one particle is transferred into the 
energy of electronic and vibrational excitation of a molecule. In these cases, 
the resonance is very close since the vibrational levels are only 1/5 to 1/4 
of a volt apart. In Table II the vibrational level which is excited with the 


TABLE II 
Excitation Processes in the Upper Atmosphere 


Notation Process Radiation excited 
Qy N(S) +N(S) + X—X +N, (A®3), vup to7 Vegard-Kaplan 
Q; O@P) +O(@P)+X—~>xX +0, (C3), Herzberg bands 
Q; N(S) +N(CS) Ny, (A?) + hy Vegard-Kaplan 
Qa O@P) +O0O@CP) —+O,(C) + hy [volt | Herzberg bands 
Qs O, (C #E)+ O, (C2) > O, (X?3) + 0 cP) + O @S) + 0-12] Green [OT] 
Q;’ +20 @D) + 0-37 volt | Red [OT] 
Q, 2Nz (AE) > N, (x!z) + Ne (C311), v up to 5 2nd positive 
Q,’ » x + 2N (?D) + 0:1 volt 
Q,” +N CS) + NCP) + 1-3 ve i; 
Q, Nz (A235) a O (Ss) S O(@P) -+N,(BIr), v= 15 | Ist positive 
Q,’ By om +N, (ail), v= 9 | Lyman-Birge-Hopfield 
Q.” x ts a O @D) +N, (B*ll), v= 5 | Ist positive 
Qs N, (A8s) +O @D) —> O (®P) +N, (BI), v=3,4] ,, aes 
Q, Nz (A®Z) +N (@P) =>IN (4S) => Ne (B11), v=11 ” >See 
Q,’ a ms =), + Ne (all), v= 6 | Lyman-Birge-Hopfield 
Q,” os ms —>N (D) +N, (BID, pe f 1st positive 
A& N ?D Re N@GS “ N. Tl), v= SS ns 
OW a aac Ss N; (atl Il), v= O | Lyman-Birge-Hopfield 
Qi N, (A8Z) + O, (X8Z) > Ne (XID) : O, (B°z), v= 0 | Schumann-Runge 
Qie Na (Aezy + O; (C3) = O, (X32) + Ne (C'll), v= 0 | 2nd positive 
Qi5” + Nz (B? v= 20 | Ist positive 
Qis N, (Az) + Nt, ix) > N, (XD) + Nt (Bs), v= 11 | Ist negative 
Qu Nit Bast si a 1 — Sep) ai ¥ ay Ge : ”” 95 
N. Zz) + —- By a ea 
oe O, (x2) +OCD) OCP) +0, (AID), v= 2 | A,B bands of, 
Qi O, (X8Z) -+N@D) —-N(CS) +0,(A1Z), v= 4 bands of O, 
Qis O @P) +N(@D) —-O@D) +N(S) 40-41 volt Red [OT] 
Qio O @D) + NCD) —> O (S) +N(4S) + 0:16 volt | Green [OT] 
20 Na (?S) -+- N?D) —>Na(CP) +N(4S) + 0:27 volt | Yellow lines Na 
Oni Na (?S) +O CS) —+Na(@P) -++O@D) + 0-11 volt af ee why 
Qos Na’(?S) +-O ed) —Na(P) +0 (@P) + 0:14 volt - iS ee 
Qys N, (X12”) +{H,O —> N, (X12) + H,0’ Water vapour bands 
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closest resonance is given. The cross-sections of the processes are, however, 
not solely determined by energy considerations alone. A theoretical evalu- 
ation of the cross-sections of such processes is very difficult, as they depend 
on the coupling between the electronic and the nuclear motions of the 
molecule. Some rough idea about the order of magnitude of the proba- 
bilities of such processes may be obtained from the experiments of 
Zemansky in which the cross-sections for the de-excitation of Hg *P;—>*Po 
by energy transfer to the vibrational motion of a colliding molecule are found 
to be of the order of the gas kinetic values.1! The processes concerned here 
involve also the excitation of electronic states; their cross-sections may be 
smaller than the gas kinetic values when the spin rule is violated, but may 
be of the same order as the latter when the spin rule is satisfied. In the 


latter category we have Q,’, Q,”, Qs’ 9's Qro’s Qie, Quiz’, Qe, Qiz- 


The processes Q,, to Q,, involve the transfer of purely electronic 
energies and hence may have very large cross-sections for very close resonance. 
Their exact values are not known, but it is probable that they lie between 
10-2 and 10¢ times the gas kinetic values when the spin rule is satisfied and 
have small values when it is not.12 Thus of the three processes Qy9, Qs;, Que 
for the excitation of the yellow lines of Na, Q.; is by far the most probable 
both because of the small energy discrepancy and the spin rule. 


The processes Qs, Qs’, Qs’, Q,” represent the dissociation of a molecule 
on collision with another, the energy being furnished, not by the kinetic energy 
of relative motion, but by the energies of excitation of both molecules. There 
is involved a transfer of electronic energy to the kinetic energy of the resulting 
particles and for this reason the cross-sections will be large only when there 
is very close resonance, i.e., when the amount of energy to be transformed 
into the kinetic energy of the heavy particles is small. Thus the cross-section 
of Q; may be expected to be very large compared with the others since the 
spin rule is satisfied and the energy discrepancy is small. 


Consider next the radiative processes such as Q,. If the final state can 
combine with the quasi-state formed by the close approach of the two atoms 


2 Zemansky, Phys. Rev., 1930, 36, 919. 
For ‘processes involving the transfer of electron and electroni 
be made to the experimental work of Manley and Duffendack, hss Rowelots pa pee of 
Duffendack and Gran, ibid., 1937, 51, 804. These show that the cross-section of 4 piece in 
which a neutral atom is simultaneously ionized and excited on collision with a positive atomic 
ion may be as large as 10*—10° times the gas kinetic value when the resonance is close. For 
processes involving the transfer of electronic energy alone, there is the theoretical work of Kalinin 
and London, Zeits. f. phys. Chem., 1929, B 2, 220, but no experimental work seems available. It 
is probable that the cross-sections are of the same order as those above. z 
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by dipole transitions, the cross-sections may be estimated on general considera- 
tions at 10-’—10- times the gas kinetic values for slow atoms,!° and are hence 
small compared with those of the resonance collisions of the second kind. 
That they cannot be omitted from our considerations is due to the fact that 
they are still the chief mechanisms for the recombination of atoms in the 
upper atmosphere and are the source of energy of the excitation and radiation 
processes in the night sky, and possibly to a certain extent in the aurora. The 
other recombination processes, namely, three-body collisions such as Q,, 
have even smaller probabilities at the low pressure of the upper atmosphere. 
The probability of a three-body process may be expressed in terms of a cross- 
section for unit concentration of the third body, namely, g~=a r?-r/A, 
where r is the atomic dimension and A is the mean free path of the recombin- 
ing particles for unit concentration of the third body.4%* Obviously A 
depends on the cross-section of the energy transfer from the recombining 
particles to the third body. Assuming, for the optimum case, that there is 
resonance in this transfer so that the cross-section may be as large as 10° 
times the gas kinetic value, one obtains for A a value 1013 cms. and then 
q =, 19-*7cm.> Hence for the three-body collisions to be as frequent as the 
radiative recombinations, the concentration of the third body must be as high 
as 10! per c.c. or greater. This value is about 10? to 10° times greater than 
the concentration at the E layer. Hence in the upper atmosphere, radiative 
recombinations are far more important than three-body processes, although in 
the lower atmosphere and in all laboratory experiments the reverse is the case. 


Finally, in order that excitation collisions between metastable atoms 
and molecules be of any importance, it is necessary that de-excitations of the 
metastables by collisions with atoms and molecules be negligible. Now 
the latter process involves the transfer of electronic energy to the kinetic ener- 
gies of the heavy particles (atoms and molecules) ; its probability can be calcu- 
lated by means of the principle of detailed balancing from the probability 
of a process in which the electronic state of an atom or a molecule is excit- 
ed by heavy particles in a collision of the first kind. As shown by Massey and 
Smith,“ the probabilities of excitation of the 2 1P state of He by protons are 
extremely small for proton energies bzlow 400 volts. On general considera- 
tions, one would expect the probabilities of excitation of metastable states 


13 Cf. Massey, Negative Ions, pp. 32-36; 78-79. As the number of molecular states 
arising from two atoms in given atomic states is very large, for a given state of the molecule it is 
in general possible to find a quasi-state having the correct symmetry properties so as to combine 
with the state by dipole transitions. 

13@ J, J. Thomson, Phil. Mag., 1924, 47, 337; cf. Massey, Negative Ions, pp. 38-39 ; 79-80. 

14 Massey and R. A. Smith, Proc. Roy. Soc., 1933, A 142, 142, 
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(i.e., optically forbidden transitions) by heavy particles to be even smaller. 
The principle of detailed balancing then requires that the probabilities of the 
reverse processes, namely, the de-excitation of metastable states by heavy 
particles, be also extremely small, especially for the kinetic energies of atoms 
and molecules with which we are concerned in the upper atmosphere. It 
is because of these extremely low probabilities of de-excitations by atoms 
and molecules and the comparatively high concentrations of the metastables 
that the collision processes in Table II, which are mostly of the resonance 
type, assume relatively great importance in the upper atmosphere. 


From the above discussions, however, it would appear that nothing © 
quantitative can be said concerning the probabilities of the various processes 
in Table II. Fortunately, most of our arguments in the following do not 
depend very critically on the exact values of these probabilities, although a 
more exact knowledge about them will enable one to make closer estimates 
of the concentrations of the various atoms and molecules and 1s hence greatly 
to be desired. 


Consider now the various radiations in the spectra of the night sky 
and of the aurora in the light of the processes in Table II. In the following 
we shall denote the concentration of the atom, say, O (4S), by [O 4S], and 
the number of collisions, say, O (1D) + N (?7D)—>O (4S) + N @S), in unit 
volume per second by Qi, [0 'D] [N ?D] so that Qj, represents the cross- 
section of the process multiplied by the relative velocity of the colliding 
particles. For the three-body processes, q represents the cross-section 
for unit concentration of the third body. 


(A) Green [O17] line: 1S —1D 


Since the green [OJ] line is the most prominent line in both the spectra 
of the night sky and of the aurora, any theory must not fail to provide a satis- 
factory mechanism for the excitation of the line. From the earliest experi- 
ments of Kaplan in which the green line was excited in an afterglow in active 
nitrogen containing a small amount of oxygen, the suggestion was made that 
the *S state is excited from the normal state *P by the metastable atom N (3B) 
This explanation is now untenable since the energy available in N (P) is far 
short of being able to effect this excitation. Chapman and later Cabannes 
suggested that the various radiations of the night sky are excited by the recom- 
binations between the oxygen atoms in the neighbourhood of another atom or 
molecule.© For example, the green [OT] line is thought to be due to the process 

OP) + O(8P) + O (8P) +0, (XK 32) +0 (7S) + 0-92 volt. 


° J. Kaplan, Phys. Rev., 1929, 33, 154, 
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It can be shown, however, that even on making the most optimum assump- 
tion about the probability of the three-body process, the frequency of its 
occurrence is far too low to account for the observed intensity of the green 
line.1® Also the suggested mechanism fails to account for the observed 
diurnal variations in the intensity of the [OI] lines.46 For the same reason, 


16 According to Cabannes, Comptes Rendus, 1939, 208, 1770, who favoured Chapman’s 

theory, the green [OI] line and the Vegard-Kaplan bands are excited by the following processes : 

3 O GP) > O, (K #Z) + OS) + 0-92 volt (a) 

O GP) + OCD) + Nz (XK 12) > N, (A 8S) + O, (K 83) + 0-90 volt (b) 

While these processes are energetically possible, we shall show that they are far too infrequent 

to account for the observed intensities of the radiations and that they fail to account for the 
observed diurnal variations in the intensities of the radiations. 

(1) The probability of the process (a) is certainly very small if the energy excess 0-92 volt 
must be transformed into the kinetic energies of the resulting particles. It may be somewhat 
greater if this energy excess is retained as energy of vibrational excitation of the O, (X #2) molecule. 
Even then, the probability must be very much smaller than the gas kinetic value since the spin 
rule is not satisfied in this case. Assuming, for the optimum situation, that it is of the same order 
as the gas kinetic value, then the cross-section gq for unit concentration of the third body is 
=10-*9cm.5 With this value of g, even a concentration of 10"/c.c. for O @P) would generate 
OS) by the process (a) only at the rate of about 1 perc.c. per second. This is too small to 
account for the observed intensity of the green line, which calls for some 102 O (S) perc.c. Higher 
concentrations for O (?P) are not available above the E layer, and according to Cabannes and 
Dufay, the radiations of the night sky come from above the E layer. 

(2) Similar considerations show that no three-body processes are adequate in providing for 
a high enough concentration of O (D) to account for the intensities of the red [OJ] lines. 

(3) If the green [OT] line is excited by the process (a), then as the concentration of O (°P) 
decreases, the rate of production of O 7S) would also decrease. This would mean a continual 
decrease, however slow, in the intensity of the green line in the night. Also, if the O @D) are 
supposed to be produced as the result of the emission of the green line, then on account of the 
longer lifetime of the O (4D), the concentration of O 7D) would first increase until the rate of 
production is balanced by the rate of disappearance by the emission of the red lines and by other 
quenching collisions. This would mean that the red lines increase in intensity immediately after 
sunset and reach a constant value shortly afterwards. But these are just opposite to the observed 
variations, namely : the green line increases in intensity after sunset to a maximum near midnight, 
and the red lines are most intense immediately after sunset and decline in intensity thereafter. 

(4) If the N, (A 2) responsible for the emission of the Vegard-Kaplan bands are excited by 
the process (b), then, assuming again for the sake of argument the optimum value q ~ 10-*9 cm.5 
for the cross-section of the process for unit concentration of the third body N, (X 8), one would 
need a concentration of 101%/c.c. for O @D), of 10"/c.c. for O @P) and 10!/c.c. for Nz (X12) in 
order to produce one N, (A °2) molecule per c.c. per second. Such a rate of production of 
N, (A 82) is much too low to account for the osberved total intensity of the Vegard-Kaplan bands, 
although the requisite concentration of O (D) is already neither provided for by any process nor 
consistent with the observed intensity of the red lines. 

The above estimates are made on the assumption that the cross-sections for the three-body 
processes have the gas kinetic values. When account is taken of the fact that the cross-sections 
are probably very much smaller than the gas kinetic values, the inadequacy of the mechanisms 
such as (a) and (6) becomes even more obvious, 
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the suggestion that the molecule of O, is dissociated into the atoms O (°P) 
and O (1S) by active nitrogen,’’ namely, 


N, (A 22) + N (2P) + O, (X 32) > Nz (XK 12) + N (CS) 
+ O(3P) + OCS) + 0-4 volt, 


is unsatisfactory. Here we suggest the process Qs as the main process for 
the production of O('S). That the metastable O, (C%Z’) should play the 
important intermediate réle is not implausible if one remembers that the 
metastable N, (A 22) molecules are known to play a fundamental role in 
the upper atmosphere and the laboratory afterglow (as shown by the emission 
of the Vegard-Kaplan bands), and that the metastable O, (C *%) bears a 
similar relation to processes involving the oxygen atoms and molecules 
as N, (A 32) to those of nitrogen. 


From the measured intensity of the green line in the night sky, Rayleigh 
has estimated that it corresponds to approximately 108 transitions per second 
in a column of the atmosphere of | sq. cm. base.1® This, together with the 
transition probability Ag,,., ~ 2/sec,’® requires that there be at least some 
10? O (7S) atoms produced per c.c. per second during the night. Assuming 
now that these are supplied by the process Q,, we have 


Q; [O.C 82]? > 102/sec. c.c. 


Then, for a value of the cross-section of Q; lying between 10-?— 10? times 
the gas kinetic value, we have, respectively, 


[O, C 32] >35 x 10’—5 x 104/c.c. 


for the necessary concentration of O,(C%) to maintain the excitation and 
emission of the green line. To show that such concentrations of O,(C 32’) 
are not impossible, we have only to remember that there is a high con- 
centration of O (*P) for the production of O, (C 32) by the process LO Fae) i 
there are some 10*° O (*P) atoms per c.c. in the upper atmosphere just after 
sunset, and if the probability of radiative recombination Q, is of the order 
of 10-* per collision, then the O,(C *2) are produced by Q, at a rate of 
~ 10#/sec.c.c. On assuming a high metastability of the O,(C %2), it will 
take some 10 minutes to build up a concentration of O, (C®Z’) of the order 
10%/c.c. which is of the correct order of magnitude to account for the 


™ E. W. Hewson, Rev. Mod. Phys., 1937, 9, 420. 
18 Lord Rayleigh, Proc. Roy. Soc., 1930, A 129, 458. 
19 BE, U. Condon, Astrophys. Jour., 1934, 79, 217, 
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maintenance of the green line.* This building up of the concentration of 
O, (C *2’) by the process Q, may be responsible for the observed slight rise 
of the intensity of the green line towards midnight.» The slight decline 
in the intensity of the line in the latter part of the night* may be due to the 
gradual depletion of the oxygen atoms through the various recombination 
processes, three-body as well as radiative. 


Neglecting the recombination processes compared with the other 
collisions, we have for the rate of change of the concentration of O (4S) 
d [O18] . , 
AIG) Q, 10: 82]*+ Que IN *D] [0 *D] ~ 
tA crent Aides +(Qy-+ Q,’) [N.A es ] mis Qis [Not X aD ] 
+ Qo: [Ny *S]} [0 *S] (10) 


Where Ajyg,; iS the probability of the trans-auroral transition 1S—P in OI 
and is 0-18/sec.1® This trans-auroral line is not observed in the night sky 
or the aurora since it lies just beyond the limit of transparancy of the 
atmosphere. Now for the green line to appear, it is necessary that the rate 
of quenching by the various processes in (10) be not very large compared 
with the rate of emission of the line, i.e., 


A green < (Q, + Q's) [N2A22] + Qe; [Na?S]+ Qys [N*.X 22]. 


In the night sky where the negative bands of N,* are either not present or 
extremely weak, the last term can be neglected. A knowledge of the cross- 
sections of Q,’ and Q., will enable us to set an upper limit to the concentra- 
tions of N,(A 2) and sodium atoms. Thus assuming the cross-section 
for Q,’ to lie between 10-? and 10? times the gas kinetic value, one obtains 
for (N,A 32) an upper limit of 101% and 10%/c.c. respectively. The actual 
concentration of N,(A °2), especially in the layer where the dissociation 
of O, but not that of N, is maximum, is probably very much smaller than 


* On taking into account the loss of O, (C=) through the emission of the Herzberg bands 
O, (C 2Z)—>O, (X41) and the processes Q;, Qs’, Qis, Q’i2, the rise of the concentration of 
O, (C? 35) will be given by the equation 
P10: C= & — a 10,C *2] — p [0,C *2Y 
where k stands for the constant rate of production by the process Q,, a represents the combined 
result of the processes O, (C °Z)—> O, (X 12), Qis, and Q’;. and g the result of Q; and Q,’. 
From this one obtains 
Pa aN ak oa Wengen ih: ened 
x 1 -+ Ae-®?? 
where B = 4/4kp + a” and A = (B — a)/((B + a). It is seen that the concentration of O, (C *) 
will tend to a constant value (B — a)/2g after a time ¢ depending on the values of k, @ and fg, 
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10%/c.c. (see discussion on [O, C *4] above, which are formed by processes 
analogous to those for Nz (A%2)). 


(B) Red (OI) lines: 1D,—>*P;2 


As emphasized in the summary in the introduction, the red (OI) lines 
of the night sky differ from the green line in their diurnal intensity variations. 
The O(?S) atoms in the night sky are probably produced by the process Q;. 
The O (1D) atoms are, in addition to the analogous but less probable process 
Q,’ and the result of the emission of the green line, now produced by the 
process Q,s which now assumes greater importance than Qi, for the excitation 
of 1S, since the initial rate of production of O (‘D) by the process Qi, may 
now be very large on account of the large cdncentrations of O (*P) and 
N(2D). Assuming as before that immediately after sunset, there are some 
101° O (2P) and some 10 N(2D) atoms per c.c,% if the cross-section of 
Q,, is taken to be of the order 10-? times the gas kinetic value, the process 
Q,s Will then produce O (‘D) at the rate of some 104/sec.c.c. This is amply 
sufficient to account for the observed intensity of the red lines. With the 
depletion of the N (?D) by this and other processes, this rate of production 
of O(D) would have decreased rapidly after sunset had it not been for the 
replenishment of O(?D) by the process Q,’ and the result of the emission 
of the green line. The result is a more gradual decrease in [O 1D] in the 
early part of the night, followed by a more or less steady value when the 
rate of depletion by the various processes in equation (11) becomes equal 
to the rate of replenishment. This may explain the observed fact that the 
red lines have the greatest intensity immediately after sunset.4 The different 
behaviour of the intensity variations of the green and the red lines is thus 
due to the different mechanisms for the production of the O (4S) and O (D). 


The rate of change of (O1D) is, again on neglecting recombinations, 


d{O1D 
[OI — 294 [0sC 43}?-+ Qus [0 *P] [N *D] + Agreen [O*S] — 


{Area + Qs [NoA ®2]+ Que [O2X °Z]+ Quy [N 2D] 
+ Qe [Na *S]} [O *D] (11) 


where the transition probabilities A,,7 are 2-5 x 10-3 and 7:5 x 10-3 per 
second for the lines 1D,—>P, and 2D,—>®P, respectively.19 The red lines 


20 The value 10/°c.c. for [N Dj] is based on’th i i 

Cc. for the following estimates : Kaplan pointed out the 
ee ioe of the lines *D —> 4S in NI with about 1/50 the intensity of the green [OT] line 
n Babcock’s spectrum of the night sky (see C below). Since the lifetime of N (?D) is of the order 


10° second, this requires that 
Laie q there be at least some 10° N (D) per c.c. to account for the obser- 


Excitation Processes in the Night Sky and the Aurora 55 


are here quenched by the processes Q, and Qig. As Qg and Qi, are prob- 
ably of the same order of magnitude and as the concentration of the oxygen 
molecule in the normal state is certainly larger than that of the N, (A 32) 
by some powers of 10, we need only consider the quenching by Qj. The 
condition for the red lined to appear is hence 


Aveda & Qig [O2X *2)]. 


Assuming that the cross-section for Q,, is 10-? to 102 times the gas kinetic 
value, one finds that for the red lines to appear, (O,X 32’) must not be very 
much greater than 10! and 10/c.c. respectively. Even the value 109/c.c. 
is too low for the E layer where the concentration of O, is probably of the 
order 10— 10'*/c.c. The above condition is more readily satisfied in the 
higher altitudes. This may be connected with the observed enhancement 
of the red lines in the sunlit aurore® which are situated in very much higher 
altitudes (300 — 800 km.) than the ordinary aurore (100 km), although the 
enhancement may also be due to the production of O(‘D) by the photo- 
dissociation process (3). 


Finally we may remark in passing that the great difference in the relative 
intensity of the green and the red lines in the night sky and in the nebule 
is not a matter of the difference in the gas pressures in the two cases alone. 
From equations (10) and (11), it is seen that were it not for the quenching 
collisions, the red lines would have been more intense than the green since 
any excitation of O (1S) by Q; would contribute to the intensity of the red 
lines on emission of the green line. That the red lines are weaker than the 
green is probably due to the more effective quenching of the former by Qig 
(exciting at the same time the A, B, a bands of oxygen) than that of the latter 
by the process O,(X °2) + O(?S) +O, (A172) + O(D), since here the 
spin rule is violated. On the other hand, the extremely low pressure in the 
nebule renders quenching collisions of any kind unimportant, and the 
intensities of the green and the red lines are determined essentially by the 
relative frequencies of excitations of 'S and *D. That the red lines are far 
more intense than the green line in the nebule is to be explained by the 
predominance of electrons having energies enough to excite 'D but not 'S. 
In fact, from the relative intensities of the red and the green lines and the 
theoretical excitation cross-sections of these states by electron impact, it has 
been possible to obtain very reasonable values for the temperatures of the 


nebule.?! 


21 —D. H. Menzel, L. H. Aller and M. H. Hebb, Astrophys. Jour., 1941, 93, 230, 
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(C) Forbidden lines of [NI] ?D—>*S 


The situation with the forbidden lines of NI can be expected to be 
similar to that with OI. The lines ?P—>*D have transition probabilities 
of the order 1/sec.; they lie in the infra-red 1:04 and hence have not been 
observed. The lines 2D—>4S have the small transition probabilities of the 
order 10-3/sec. Kaplan has recently succeeded in observing both the *D—>*S 
and the 2P—>4S lines in afterglows in nitrogen under moderately high pres- 
sure, and has pointed out the probable appearance of *D—>‘S in Babcock’s 
spectrogram of the night sky with an intensity about 1/50 that of the green 
[Ol] line.2? If this identification is correct, we may consider the equations 


d [N Fl _ Q," [NoA *2]?— {A CPD) + A CP 4S) + 
(Qy+ Qs’) [NvA 82]+ Qua [NeX 22]} [N*P], (12) 
GIN *P]_ 2 Qy [NA *]*+ A (*P—D) [N #P]~ {A *D->4S)+ 


(Quo+ Quo’) [No *2'] + Quy [O2X 2] + Qis [0 *P]+ Qis [O*D]+ 
Qeo [Na *S]} [N *D], (13) 


in which recombination processes have again been omitted. The initial 
concentrations of N (?P) and N (*?D) immediately after sunset may be very 
large, especially at the level where the dissociation ot N, is most intense. The 
large value of A (?P—»?D), however, reduced (N 2P) rapidly to a low value 
so that the more or less.steady but small concentration during the night 
is determined by the rate of the process Q,”, which may be much smaller 
than the corresponding process Q, in the case of the excitation of O (3S) 
on account of the very much larger energy discrepancy (1-3 volt vs. 0-12 
volt). On the other hand, the small value A (*D-—>4S) can be consistent 
with a considerably higher value of [N *D]. This may be the reason why the 
nebular *>D—>‘S can be observed while the trans-auroral 2?P—>4S at 3466 A 
with a much greater transition probability cannot.?3 


(D) Negative bands of Nz* Nz‘: (B °X)—N,* (X 22) 


Once we have assumed the generation of N,* by solar radiations by such 
process as (7), it is not necessary to assume other modes of generation 
during the night when one remembers the low rate of loss of N,* by 
recombination processes. In fact, that the N,* bands: are greatly enhanced 


2 J. Kaplan, Phys. Rev., 1939, 56, 858; 1940, 57, 249. 


ce. pie Bernard, Phys. Rey., 1939, 55, 511; Elvey, Swings and Linke, Astrophys. Jour., 1941 . 
- : 
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relative to the green [OI] line in sunlit aurore** and that the N,* bands 
in the night sky increase in intensity when the last trace of sun light touches 
the uppermost part of the atmosphere in the evening and when the first 
trace of sun light reaches the top of the atmosphere at the dawn” are 
consistent with the view that the N,* are produced by solar radiations. It 
is true that the very much greater intensity of the N,* bands in the aurore 
than in the night sky cannot be explained without additional hypotheses 
about the aurore. But granting a higher concentration of N,* in the 
aurora, one can then understand why the N,* bands are strong and the 
Vegard-Kaplan bands are weak in the aurora and conversely in the night 
sky; for the N,* bands excited by the process Q,; are at the expense of 
the metastable N,(A *2), thus quenching the Vegard-Kaplan bands (see 
below on Vegard-Kaplan bands). 


As summarized in the introduction, the strongest N,* bands in the 
aurora and the night sky are the v’— v”’=0—0; 0—1; 0—2; 1—2; 
1— 3; 2— 3 bands. The strong enhancement of transitions from yw’ = 0, 1, 2 
may be ascribed to the excitation processes Q,, and Q,5. The enhancement 
of the N,* bands in sunlit aurora and sunlit atmosphere is also consistent 
with this view since the concentrations of N (?P) and O (28) generated by sun 
light by the processes (1), (2), (3) and possibly also (6) and (8) will be 
high in the sunlit regions. The tarnsition v’= 11—>v"= 13 has a wave- 
length 4233-5 A for the band centre so that its head falls just on top of the 
4236 (1—>2) bands. Also the v’=12—v"==13 band has the wave-length 
3915 and may contribute partly to the great intensity of the 3914 (0-0) 
band. This may perhaps account for the excitation of the N,* bands by 
Nz (A 32). 

(E) Second positive bands: N,(C *I1)—N, (B *I) 


The only plausible processes for the excitation of the second positive 
system of N, are Qg and Qi. The equation for [N2(C */Z)] is 


d IN:C W771 _ Qs [NoA 21° + Que IN2A 2] [0.C *2] 

| — Aond [N:C I] = 0. (14) 
Here no quenching collisions need be considered. The process Qi, will be 
able to excite v’ = 0 of C 3JZ only when the N, (A 32) is initially in a state 
v= 1 (see end of G) below, while the 10550 cm.-! energy available in the 
process Q, can either all go into the excitation of N,(B 3[1), or be divided 


24 C. Stormer, Zeits. f. Geophys., 1929, 5, 185. 
25 V. M. Slipher, Monthly Notices, R.A.S., 1933, 93, 657. 
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between the vibrational motions of the two resulting molecules. In the 
first case, the bands from v’=0 will be enhanced; in the second case, all 
bands up to v’=5 can be excited, with perhaps some enhancement of 
y’=1, 2. As seen from the summary in the introduction, these are in 
general agreement with the observed facts. 

(F) First positive bands: N,(B *II)—N, (A *) 

The first positive bands are the characteristic feature of the night sky, 
the aurora and the afterglow in nitrogen. In the afterglow, Kaplan has 
succeeded in exciting the v’— v” = 3 sequence with intensity maxima corres- 
ponding to v'=10 and v’=6. These enhancements have been explained 
as due to the processes Q, and Qj». In the aurora, Vegard observed 
the bands v’= 10—v’=7 at 6323 A. and v’ = 7—v" = 6 at 7880 A. These 
seem to indicate the processes Q, and Q,9. In the night sky, bands from very 
high vibrational levels such as v’= 15, 16 have been found. These excita- 
tions are furnished by the processes Q,, Qg and Q,,’. These together with 
Q, and Q;) may account for the excitation of bands from v’= 4 to v’= 15 
or higher observed in the night sky by Cabannes and Elvey, Swings and 
Linke *"* 


(G) Vegard-Kaplan bands®® N,: (A °X)—>N, (X 12) 
The equation for the rate of change of [N.A®3] is 
3 
GIN2A “£]_ Q, IN ‘S}? [X] + Q EN 4S]*— 
{Av.x+ (Qe + 2 Qe’ + 2 Qe”) [N2A *2] + Q,’ [0 1S]+ Q,’ [N2 P]+ 
Quo [N 7D] + Qu [O2X *2] + Qs [No*X 22]} [NA 23] 
As the Vegard-Kaplan bands arise from transitions violating the selection 


rule for the multiplicity, they have small transition probabilities. Accord- 
ingly they will be emitted only if 


Av.x € {Qe t+ 2 Qe’ + 2 Qe”} [NA *2]+ Q,’ [0 18] + Q,’ [N 2P] + 
Qio’ [IN *D]+ Qui [O2X *2]+ Qus [NatX #2). (15) 


Thus the emission of these bands requires a low [N.*+X #2] and of course 
the absence of ultraviolet radiations that may destroy the N, (A 33) by 


6 This “complementary ” nature of the negative bands of N,+ and the Vegard-Kaplan bands 
is true not only of the aurora and the night sky, but seems to be true also in the discharge tube. 


In the afterglow produced by a feeble discharge, Kaplan (Pub. Astron. Soc. Pacif., 1935, 47, 257), 


found that the Vegard-Kaplan bands are enhanced relative to the second positive bands while 


the N,+ bands are absent. On the other hand, when the N,* bands are strong, the Vegard-Kaplan 
bands are not found (Kaplan, Phys, Rev., 1932, 42, 807). 
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the processes (6) and (7). This is in agreement with the fact that in the 
sunlit aurora where the N,*+ bands are strong and hence [N,*X 25] high, the 
Vegard-Kaplan bands are weak, while in the night sky where the N,* bands 
are weak, the Vegard-Kaplan bands are strong. 


It is observed that the blue radiations of the night sky reach a 
maximum intensity immediately after midnight,?? like the green [OI] line. 
Now the strongest radiations in the blue region are the 4171 and 4425 bands 
of the Vegard-Kaplan system. A rise of intensity of these bands in the 
first part of the night may be due to the same cause as that for the green 
line, namely, the building up of the concentration of the metastable N, (A 32’) 
by the processes Q, and Q;. Its decline in the second part of the night 
can be ascribed to the gradual depletion of the N atoms. 


In the night sky, Vegard-Kaplan bands from all levels v’ up to 7 are 
observed, the bands from v’ = 2, 3, 4 being particularly enhanced. It is of 
course not possible to say anything about the populations of the different 
levels of the N,(A *2’) resulting from the radiative process Q;. But those 
produced by the process Q, may be in any state v’ up to 7 since the energy 
available in the process is 1-2 volt. There may be a preponderance of 
levels v’ = 2, 3, 4 corresponding to the division of this energy between the 
two resulting molecules N, (A #2) and N,(X 142). Also the large number 
of N,(A 3) molecules resulting from the emission of the first positive bands 
y’ = 6, 7—v" = 3, 4 would enhance the Vegard-Kaplan bands from v’ = 3, 4. 


In discussing the enhancement of certain bands in a system involving 
allowed transitions, it is necessary only to consider the levels excited with 
close resonance since the lifetimes of these states are so short that a redistri- 
bution by, collisions can be neglected. With the Vegard-Kaplan bands, 
on account of the long lifetime of the metastable state A 32, it is necessary 
to consider the effect of collisions between the N, (A *2) molecules and other 
particles. It is known, however, both experimentally and theoretically that . 
the probability of energy transfer between the vibrational motion of a mole- 
cule and the translational motion of an atom or a molecule is very small, 
of the order 10-?— 10-6 per collision.” As the collision frequency of an 
atom or a molecule with other molecules is of the order 10% per second at the 
pressure of the E layer, it is clear that de-excitation of vibrational excitation 
by collisions is unimportant. This persistence of vibrational excitation 
accounts for the emission of Vegard-Kaplan bands from rather high 


levels v. 


2? N. E. Bradbury and W. T. Sumerlin, Phys. Rev., 1940, 57, 249. 
28 Cf. Mott and Massey, Theory of Atomic Collisions, Oxford Univ. Press, 1933, p. 249. 
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(H) Lyman-Birge-Hopfield Bands: N, (aU) Nz (X 12) 

The existence of these bands, especially those from v’ = 0 to v” = 19— 23, 
has recently been made plausible by the observations and identifications of 
Elvey, Swings and Linke.* It is suggested here that this system of bands 
is excited from the metastable N,(A °2) by the metastable N (*D), N (?P) 
and O (1S) by the processes Qj’, Qs’, Qy’ respectively. While N(?P) and 
O(!S) can excite the vibrational levels v’= 6 and 9 respectively, N (*D) 
excites v’—0 with almost exact resonance (energy. discrepancy ~ 1/400 of 
a volt). This may account for the enhancement of the bands 3378 (0O—19), 
3834 (0 > 21), 4420(0 — 23). The possible appearance of bands from 
v’=10 or higher may arise from excitations by O (7S) of N, (A 2) initially 
in the vibrational levels v= 1, 2 or 3. That this is possible is seen from the 
foregoing discussion of the persistence of vibrational excitation. 


The equation for the rate of change of [N.a JT] is 


d [N,a UT ; ; 
Ue. {Q,’ [O *S] + Q,y’ [N *P] + Quo’ [N *D]} [N2A *2] — 
AzpulN2@ YI] = 0. (16) 

Again no quenching collisions need be considered here. 


(1) Atmospheric bands of O, O.: (A 1)—>O, (X 32) 

If the existence of the “A”, “B”, a’) “ a’) **a"” bands of Os 
corresponding to the transitions 0O—>+0, 10, 2—+0, 3—>0, 4—>0 respectively 
in the night sky is established, then a mechanism for the excitation of the 
first three is provided by the process Qi. and one for the last two by Qyy. 


These processes are responsible for the partial quenching of the ‘ nebular”? — 
lines in [OI] and [NI] respectively. 


(J) Schumann-Runge bands of Oz O.: [B ?Z|—> O02 (X 2) 


The observations of Dufay, Gauzit, Elvey, Swings and Linke suggest 
very strongly the presence of the Schumann-Runge bands in the night sky, 
especially those from the levels v’=0 and 1. A mechanism for the excita- 
tion of these bands is provided by the process Q,, whose cross-section may 


not be small since the energy discrepancy for excitation of v’=0 is only 
1/20 of a volt. 


(K) Na lines: ?S—*P 


_The yellow lines of sodium have been observed in the night sky and 
various aspects of the problem concerning it have been discussed by a 
number of authors. Chapman suggested the process Qo. for the excitation 
mechanism and accounted for the energy deficiency of 0-14 volt by means 
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of the kinetic energy of the particles.22 The fraction, however, of atoms 
having this kinetic energy is very small unless the temperature of the 
atmosphere has a value above 1000° K., for which there does not seem to be 
very strong evidence (see foot-note 30 below). On the other hand, the 
process Qo is energetically more probable, and on account of the smaller 
transition probabilities A(?D—>‘S) than those for the red [OJ] lines, the 
concentratior of N(?D) may be greater than that of O(@D). The process 
~Q,, has an even higher cross-section since the resonance is closer and the 
spin rule is satisfied. This may make up for the low concentration of O (*S) 
and has to be taken into account in assessing the relative importance of the 
various processes for the excitation of the Na lines. More information 
concerning the variations of the intensity of the Na lines with time and 
altitude is necessary for a proper understanding of the problem cf atmo- 
spheric sodium. 


(L) Water vapour bands 


According to Cabannes, the water vapour bands at 0:59, 0-65 ,, 
0-698 uw, 0-72 » corresponding to 4 74+ v3, 3 yy+ ve+ vg, > +3 v3, 3v,+ vy 
respectively are present in the spectrum of the night sky, and possibly also 
in the aurora. These bands, if their existence is established, are interesting 
in that they differ from all the other radiations in being pure vibration- 
‘rotational bands. The most effective modes of excitation would be a colli- 
sion of the first kind with another atom or molecule, or a collision of the 
second kind with a molecule in a vibrationally excited state. The proba- 
bility of the first collision is extremely small, and the fraction of particles 
having a kinetic energy of the order of 1 volt must be exceedingly small. 
On the other hand, molecules in highly vibrationally excited states [such as 
v= 13, 14, 15 in N,(X 42) as the result of the Vegard-Kaplan transitions] 
may be fairly abundant, and it is possible that these molecules are respons- 
ible for the excitation of the water vapour bands by a resonance process. 


The existence of these high combination, and hence weak, water vapour 
bands in the night sky would indicate appreciable concentration of water 
vapour in the upper atmosphere. As water vapour plays the most important 
part in the problem of radiative equilibrium of the earth’s atmosphere, 
it would be desirable to have some measurements of the absolute intensities 


29 §. Chapman, Astrophys. Jour., 1939, 90, 309. The mechanism NaO + O-+Na + O, 
suggested there for the maintenance of free Na atoms in the presence of oxygen has to be considered 
not only from the point of view of energies, but also together with the fact that the process involves 
an activation energy approximately equal to the dissociation energy of NaO. At the temperature 
of the upper atmosphere, such a process will be exceedingly improbable. 
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and some theoretical estimates of the transition probabilities of these bands 
so that one may estimate the concentration of water vapour, and hence the 


temperature, of the upper atmosphere.*° 


(M) Other radiations 


It seems to be gencrally agreed that in the spectra of the night sky and 
the aurora, there are no atomic lines other than the lines of [OI} and possibly 
the 2D —>'S of [NI].°1_ The absence of the atomic lines of N, O as well as H 
and other rare gases is now understandable since the energies available for 
excitation in the metastable atoms and molecuies of nitrogen and oxygen 
do not exceed 6:1 volts. In fact, the strong point of the proposed mecha- 
nisms here is that they provide a reasonable process for cach of the radia- 
tions observed and at the same time allow satisfactorily for the absence of 
others that are not observed. 


Concerning the possible presence of bands from such molecules as 
NO, NH, CH and CN, the observational material is still too meagre to 
warrant any discussion. In any case, the bands, if they are definitely 
confirmed, are so weak and so scanty that these molecules must be very 
rare in the upper atmosphere. The absence or scarcity of NO alone perhaps 


30 Tt seems that no accurate knowledge concerning the temperature of the upper atmosphere 
of the earth is available. WVegard (quoted in Rosseland’s Theoretical Astrophysics, Oxford Univ. 
Press, 1936, pp. 234-37) has estimated the temperature of the aurora from the intensity distri- 
bution in the unresolved 4278 A. band of N,+ and found a value 70°C. This can only be a rough 
estimate on account of the low dispersion of the spectrum. [The formula on p. 234 for the in- 
tensity of a rotational line in a band, namely, I (jj + 1) o (2j + 1) exp. (— E,/kT), is slightly 
in error as it does not take into account the factor depending on the transition probability of the 
line. The correct expression is (j + 1) exp. (— E;/kT)]. More recently, trom the R branch of 
the 4278 band, Vegard and Tonsberg, Geofvs. Pub., 1938, 12, 3, obtain a temperature of — 35° C. 
In any case, the temperature so determined will represent the temperature of the atmosphere only 
if the excitation process does not greatly change the distribution in the rotational states. for 
example, if the bands are excited by electron impact. On the other hand, if the bands are excited 
by collisions of the second kind with heavy particles, the temperature parameter determined from 
the intensity distribution in a band may differ from the thermal temperature in a way dependin 
on the probability of energy transfer to and from the rotational motion in such collisions. i 


; On the basis of the theory of intensities of electronic transitions and the intensity distribution 
in the negative bands of N,* and the positive bands of Nj, Rosseland and Steensholt (quoted in 
Rosseland’s book, p. 244) have also calculated the temperature of the aurora and found <i 
of the order 2000°—3000° K. As emphasized by Rosseland, these values must not be taken t 

mean the temperature of the atmosphere since the bands are assumed to have been ex ited ‘i 
swift particles not in thermal equilibrium with the atmosphere. On our view here As ra | 


are excited by collisions of the second kind. The intensity distribution in a band system depends 


1 For the aurora spectrum, M. Nicolet, Ann. d’Astroph 
, M. ; F yS., 1938, : i 
Elvey, Swings and Linke, Astrophys. J., 1941, 93, 337. Moc ak aa page h es 


* 
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needs some consideration, in view of the abundance of the N and O atoms. 
This is probably because of the fact that the layers of maximum dissociation 
of the nitrogen and the oxygen molecules, and hence the layers of maximum 
concentration of the N and O atoms, are different. Thus while a concentra- 
tion of O atoms of 10!/c.c. will lead to a recombination into O, at a rate 
of 10*/sec. c.c., the presence of N atoms at the same layer with a concentra- 
tion 10%/c.c. will lead to the formation of only 1 NO per sec. per c.c. 


Concluding Remarks 


To sum up, then, it is seen from the present theory that the various 
emission processes take place at the expense of the energies of excitation 
of the metastable atoms and molecules of N and O, and these metastable 
atoms and molecules are constantly replenished by the recombinations of 
the atoms generated by photo-dissociation during the day. It is interesting 
to note that the various processes do not all proceed in one direction alone, 
with a consequent rapid depletion of the metastable atoms or molecules. 
Rather many of these processes torm cycles so that continual excitation and 
emission of the various radiations are possible. The overall result of all 
the processes is, of course, the recombinations of the atoms into molecules. 
For example, from equations (12), (13), (15), (16) and the following ones 


PINTS] _ (Q4" [Ng 821+ (Qy-+ Qe’) INP] + (Quo Quo’) IN *D]} INA 22] 
+ {Qiz [O2X 2Z]-+ Qyg [0 °P] + Que (0 *D)-+ A CD—>48)} [N 2D] 
+ Qua Ns*X #2] [N2P]— 2(Qi 1X] +Q) IN4S}, 7) 


FING% “A _ £(Qy-+ Qu’ + Qo") INA "21+ Qus [NX °Z] + Av.xd INeA *2], 
+ Arsen [Noo YJ], (18) 

we have, as we expect, 
Z ; (IN 4S] + [N *D] + [N *P] + 2 [NoX 12] +2 [NeA ®2]} = 0. (19) 


As £ ; [N2X 8X] must be positive since in the absence of sunlight no collision 
ae can lift the N. molecule from the normal state or dissociate it, and as 
f [N,A 8] must be ~ 0 in the steady (or very slowly varying) state during 
the night when the intensity of the Vegard-Kaplan bands does not vary 
greatly, it follows et 

¢ {IN 4S] + END] IN Pe 0; 


i.c., the net result he ie various processes is a steady eee in the con- 
centrations of the atoms. Entirely similar result holds for the processes 
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Fic. 1. Energy levels involved in the collisional excitations and 
radiative transitions in the night sky and the aurora 
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N,(X2) 


Fic. 2. Excitation processes in the night sky and the aurora 
Solid lines indicate radiative transitions ; dashed lines represent excitation collisions 


involving the oxygen atoms and molecules. The O atoms disappear either 
through the radiative processes of the type Q, or through three-body 
processes of the type Q;, followed by processes Q;, Qi, and others, ending 
eventually in the normal state O,(X °2). The various processes and their 
interrelations are rendered clear by the diagrams in Figs. 1 and 2. 


Finally we need only add that the rates of the various processes of 
excitation and radiation depend either directly or indirectly on the rates of 
supply of the metastable N, (A *%) and O,(C *2) molecules, which in turn 
depend on the rates of recombination of the atoms. As these recombina- 
tions are the bottle-neck of the various processes, we need only consider 
them in order to see if the supply of atoms at sunset will last through the 


A6 
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night. That they will last is seen from our estimate of the rate of recombi- 
nation of the O atoms in connection with the discussion of the green [OT] 


line. 
Summary 


It is shown that the main features in the selective emission spectra of 
the night sky and the aurora, namely, the forbidden [OI] lines, the various 
systems of bands of N,+ and N, and O,, and in particular, the enhancement 
of certain lines and bands relative to others and the diurnal variations of 
the intensity of certain lines in the night sky, can be satisfactorily explained 
on the view that all the excitation and quenching processes in the upper 
atmosphere are collisions of the second kind, of the resonance type, between 
the metastable atoms and molecules of nitrogen and oxygen. The meta- 
stable atoms are generated in the night by collisions between the metastable 
molecules; the latter are in turn formed by the recombinations of the normal 
atoms which are produced by photo-dissociation of the molecules during 
the day. A strong argument for the theory is that, not only the observed 
radiations are provided with reasonable excitation processes, but the absence 
of other atomic lines N, O, H and the rare gases is automatically accounted 
for by the maximum energy available for the excitations in these metastables, 
which is only 6-1 volts (the energy of N, [A *4]). It is suggested that these 
processes in Table II are the microscopic processes responsible for the 
observed spectra, while such large-scale features as the shapes of the aurore 
and seasonal variations in the intensities, etc., may have to be explained 
by further hypotheses. 
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7. Introduction 


WHILE engaged upon some determinations of the refractive index of 
transparent powders by the method of immersing them in liquid mixtures 
of the same refractive index, Christiansen (1884) observed some very 
remarkable and interesting colour effects. If white light was employed, 
the transmitted light was highly coloured, the colour corresponding to the 
particular wave-length for which the two substances have the same refrac- 
tive index. Lord Rayleigh (1885) repeated these experiments, and found 
that the transmitted spectrum was remarkably narrow. The subject was 
investigated in detail by Sethi (1921), who studied the effect of the size 
and number of the particles and of the thickness of the medium on the 
transmitted light, and also the light scattered in other directions. He 
extended his studies to the colours shown by emulsions of immiscible liquids, 
whose refractive indices are equal for some wave-length in the visible 
range. The elegant method of preparing these emulsions in a stable state, 
discovered by Holmes and Cameron (1922), enabled Sogani (1926) to make 
a thorough study of the phenomena exhibited by these ‘‘ chromatic emul- 
sions ”’. 


Lord Rayleigh has rightly remarked (1899) that a proper theory of the 
Christiansen phenomenon must be based on wave-optical ideas. Following 
the lines suggested by Rayleigh, both Sethi and Sogani have tried to explain, 
theoretically, the phenomena observed by them. But their method is not 
comprehensive, since separate theories have to be worked out to explain the 
transmission colours, and the colours of the light scattered in other direc- 
tions. In this paper, an attempt is made to explain the whole range of 
phenomena on a single theory based on the diffraction of light by a_ trans- 
parent sphere, whose refractive index is not appreciably different from that 
of the surrounding medium. The author (1943 a) has already developed 
such a theory in connection with the study of the transmission of light 
through a cloud of transparent droplets. As a particular case, the theory 
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has been used to explain the occurrence of corone when a bright object is 
viewed through thin cloud (1943 6).* The application of the theory to the 
explanation of the properties of chromatic emulsions forms another patti- 
cular case, not covered by the previous one. The theory is strictly applicable 
only to spherical particles, and hence only to the case of chromatic emul- 
sions; nevertheless as we shall see in the course of the paper, it suffices to 
give a good account of the phenomena observed in the Christiansen experi- 
ment with particles of arbitrary shape. 


2. Intensity and Spectral Nature of the Transmitted Light 


If a sphere of radius a, and of refractive index », be placed in a 
medium of refractive index 5, then the amplitude of the wave diffracted 
in a direction making an angle ¢ with the incident direction can be shown 
(1943 a) to be 


x — X,— Xo, (1) 


n[2 
where X,—K sinX if. J, (y sin 6) cos (€ cos 6) sin 6 cos 6 dé 
0 


n|2 
—Kcosx }} J, ( sin 6) sin (é cos 6) sin @ cos 6 dé, (2) 
0 
X,= K sin X-J, ()/n, (3) 
&= 40 (u— Mo) a/A, 1 = 27ap9 sin (¢)/A and K = 27a?2/d, (4) 


the incident wave being represented by sin X, and A being its wave-length 
in vacuum. 

In the exact forward direction, however, the effect of the incident wave 
would also be present. If we denote the amplitude due to the incident 
wave as Xo, then that due to the transmitted wave is 

X= Xo + Xy'— Xy (5) 
where X,’ and X,’ are the values of X, and X, when ¢=0. For this case 
n= 0, and the integrals in (2) can be integrated (1943 a) giving | 


— K cos X (a ae 
= X)— KC,’ sin X — KS’ cos X (say) (6) 


* Hereafter, these papers will be referred to as (1943 a) and (1943 b) respectively 
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where K = 27a?/A. Now, if A be the aperture of the beam, X, is evidently 
= A sin (x)/A, so that 
POA, 2ra? A 2a 
X= 4 sin x f1-= Cts s cos x {200 sit (7) 
The above expression applies to a single droplet. Applying the method 


used in Section 5 of (1943 a), it is easily shown that the attenuation coeffi- 
cient is 


b= — 4na®NC,’ (8) 
and the refractive index, 7, is given by 
N— jig = Nda?s’ (9) 


where N is the number of droplets per unit volume. Thus, if / be the 
thickness of the emulsion, then the intensity of the transmitted light is 

I= I, exp [— bl] = I exp [— 4za?NIC,’], (10) 
where I, is the intensity of the incident light. 


The value of C,’ is given by (6). But, in the Christiansen experiment, 
and in the case of chromatic emulsions, the refractive indices of the two 
media are the same for some particular wave-length, say A», and differ at 
_ other wave-lengths. The important colour effects, and other phenomena 
in which we are interested occur in a small range of wave-lengths about 
Ao, Where (4— #49) has only a very small value. Hence, the range of values 
of € that would be required will be only small, comprising of small positive 
and negative values. In order to be applicable for this range, C,’ can be 
expanded in the form of a power series in & as 


Cy’ = £/8— e4/1444--- : (11) 
so that, for small values of €, C,’= &?/8. If larger values of € occur in any 
case, expression (6) can be used. 


Hence, for small values of &, 
J,/Ig = exp [— wa®N/é?/2]. (12) 


This equation gives the variation of the intensity of the transmitted light 
with various factors. 


Taking first the variation with &, it is easily seen that Ij=I, at €=0, 
and decreases rapidly as €? increases, the graph connecting I, and é having 
the shape of the well-known probability curve. Now é is a function of both 
(w— po) and A. But, the variation of € with A is only a steady one, so that 
we shall at first neglect this variation, and consider only the effect of changes 
in the value of (u— p19). The effect of the hanes in the wave-length will be 
finally discussed. 
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Substituting the value for é, (12) becomes 


T,/Ip= exp [— 87°NI (u— po)? */A*] (13) 
= exp [— y (u— Ho)’] (say), 
where y = 82 NIat/A?. (14) 


It is now seen that the intensity of the transmitted light is a maximum, 
being equal to that of the incident light for A=». For both smaller and 
larger wave-lengths, (u— jo)? increases, so that the intensity diminishes. 
Thus, only a small range of wave-lengths on either side of Aq is transmitted. 


‘Tt is now interesting to examine how the spectral width of this region 
of transmission is altered by other factors. As an approximate value of 
the width, one may take it as equal to the range of wave-lengths, within 
which the intensity falls to a definite fraction (say 1/e) of the maximum 
intensity. Then, I,/I>=e-1, so that the width is given by the range of 
wave-lengths for which 


y (u— Ho)?< 1, or | u— po |< |/Vy¥ (15) 
Hence, the region of transmission narrows with the increase of y, and vice 
versa. The following results immediately follow from this: 


(a) The region of transmission should sharpen with the increase of the 
thickness, /, of the emulsion and vice versa. 


(b) As the concentration of the dispersed phase is increased, the value 
of N is increased, so that the spectrum of the transmitted light must 
become narrower, and vice versa. 


(c) An emulsion containing fine particles must transmit a wider region 
of the spectrum than one containing coarse droplets, since a is smaller. 


(d) The more widely different are the relative dispersive powers of the 
two media, the narrower is the spectral region transmitted. This is so, 
since the range of values of A within which (4 — 19)? becomes equal to 1 ly 
is small, if the dispersive powers of the two media are widely different. 


All these deductions from the wee) have been already verified by 
Sogani. 


In the above discussion, we have not taken the effect of the changes 
produced in the wave-length. Actually y is inversely proportional to A®, 
so that it is larger for smaller wave-lengths and vice versa. This results in 
a reduction of the range of wave-lengths transmitted on the shorter wave- 
length side of A, and in an increase on the longer wave-length side. 


From (13), the value of the attenuation factor is 
exp [— 87°N/ (u— po)? at/A2]. 
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Now, if one assumes a close-packing of the droplets of the dispersed phase, 
then the total volume occupied by them is 74 per cent. of the total volume, 
so that 
N= -74/(41a?/3) = 2+22/47a’. 

If the packing is not so close, one can introduce a coefficient o, called the 
“ coefficient of packing”, which is equal to the ratio of the actual volume 
occupied by the dispersed phase to the volume it would occupy in close 
packing. Then, N= 2-22c/47a®, so that attenuation factor becomes 


= 8S 2 
exp [— 4-441 (12— 1g)? a/*] = exp [— 220-E— HO” jy (16) 
where d is the diameter of the droplet. 


Sogani has performed some experiments to determine the attenuation 

coefficient, and found that 
I= Ip exp [— B (u—p)? Hd /A4] 

which is of the same form as the one derived by us. However, for a 
close-packed emulsion, he found the value B= 9, which is much less than 
the theoretical value derived above. The discrepancy can partly be explained 
as due to the scattered light also entering the photometer, as suspected 
by Sogani himself, and also as due to the emulsion not being homogeneous 
but containing smaller droplets, both of which tend to decrease the attenua- 
tion coefficient. But it must also be noted that we have based our theory 
on the assumption of a random distribution of the particles, with no parti- 
cular phase correlation. Such a state of affairs cannot be expected to occur 
in a close-packed emulsion, where one should expect the radiation from the 
next neighbours at least to be coherent. 


>f(8) 


aC ; 20 
—— € 


Fic. 1. Graph of f (4) against ¢ 
As already remarked, the interesting phenomena exhibited by chromatic 
emulsions occur only for small values of €. An evaluation of y for particle 


% 
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sizes of about 0-003 cm., and a thickness 3 cm. of the emulsion shows that 
the range of values of ¢ within which the light is transmitted is [é}< OFF: 
Within this range, C,’ is evidently equal to €*/8, the other terms being 
extremely small. However, it is interesting to examine what happens for 
much larger values of €. For these values, the full expression for C,’ can 
be evaluated from (6) which gives a curve of the type shown in Fig. 1. This 
curve is the same as Fig. 2 of (1943 a), and f(€) is the same as the present 
C,’. From the figure, it is easily seen that the range of phenomena shown 
by chromatic emulsions lies within the initial portion of the curve, where 
C,’ increases with € But, when > 3, f(€) must actually diminish with 
increase of €, so that in this range, the attenuation coefficient must diminish, . 
and the transmission must increase with’ increase of . This phenomenon 
would appear worth looking for. 


Incidentally, it may be noted that, in the study of transmission of light 
through water droplets, one is interested in the oscillating portion of the 
curve, while in the present case it is the limiting portion of the curve near 
€=0 that is important. 


3. Refractive Index of the Emulsion 


In the last section, we have shown that the refractive index, n, of the 
emulsion is given by 


N— pg= NAa?®s’ (9) 
S’ can also be expanded in powers of € as 
S’= €/3 — €3/30+::- (17) 


and for small values of €, which only occur in the region of transmission, 
; 4 
S'= 3 =F (u— po) ° 5 


Hence, N— po= + a > N(u— pp). 


Now, 4na*N/3 is the total volume of the disperse phase, call it V,, contained 
in unit volume of the emulsion, so that 


n— po= V (u— po), OF 
n= Vu+ (1— V) to= Ve + Vo bos (18) 
where V, is the volume of the continuous phase. This shows that the refrac- 
tive index of the emulsion is the same as that of an ordinary mixture of 
the two liquids. This is not surprising since, when the difference in the 
refractive indices of the two media is small, the actual nature of the boundary 


is unimportant, and the optical behaviour of the emulsion is, as if the two 
liquids were miscible. 
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Differentiating (18) with respect to A one gets 
dnldd = Vduldu+ Voduo/dr (19) 


which gives the relation between the dispersion of the emulsion and those 
of the two components. 


4. Intensity of the Diffracted Light 


The amplitude of the diffracted light is given by expressions (1) to (4), 
where the integrals in the expression for X, have to be integrated. Denoting 
the integrals by C and S, our aim is to integrate them for finite values of 
n, So as to be applicable for the case when € is small. The method adopted 
in (1943 5) is not suitable in this Case, and a new method is therefore used 
for the purpose. 


Expand cos (€ cos @) and sin (€ cos @) in powers of (€ cos @) as 


2 é4 22 

cos (€ cos 0) = 1a cos?@+ —— a cos? — -+-+(—1) Gar cos?9+ ++. 

. 2P +1 
sin (€ cos 0) = a cos 9— ai cian min oo Cet ascii cos%4+1 94. 
Then, 

: 2p tb 
c= 2 (- Ly? Gayl J J, (7 sin 6) sin 0 cos%+1 4 dé. 
p=0 ; o 


The integral in each one of the terms of the above series can be integrated, 
since it is of the standard form of Sonine’s first integral, viz., 


n[2 
J, (z sin 8) sint+1 0 cos +1 6 d0 = Saare Fee) 
0 
with ~=0Oand v=p. Hence, 
es _ 18 ce a ZF (py 20 
CnC 1) (2p) ! i eS Jp +1 (). ( )) 


Similarly, on expanding sin (€ cos 6), S becomes 


Bre os coe 


a/2 
; in 0 +2 6 dé, 
1)? @p+ p+! f J (7 sin 6) sin 6 cos d 


Ss z (= 
Here also, each one of the integrals is of the form of Sonine’s integral with 


p=0 and v=p+ 1/2, so that 


co pigree pee 2) 


p=0 


74 G. N. Ramachandran 


On simplifying, and making the substitution F, (z)=J, (z)/z*, we get 


= 2? (p)! 
oe Be ) * 320 2 
age a 1) (2p) ! 7 Fy +1 (7) (2 ) 
e ad 1 
é 2 ; 
The amplitude X is therefore 
X= K sin xy [C— F, (»)] — KS cos X. (24) 
co ° 4 ! , 
But, C— F, (7) is easily seen to be = » (—1)? ee £? F,,, (9) which 
p=1 : 


may be represented by —C,. Then, 
= — KC, sinX— KS cos X. (25) 


We have thus developed X as a power series in €, whichis convergent 
for all values of € and 7 (vide Appendix I). However, the expansion is useful 
only for small values of €, for which C, and S are rapidly convergent, so that 
the first one or two terms alone need be taken into account. Incidentally, 
it may be noted that on putting 7 =0, C, and S become 

C,’ = £7/8 — £4/144 +.... 
She= C/ 32-21 /30 ae 
which are identical with the values obtained by direct integration. 
The intensity of the light diffracted by a single droplet is, from (25), 
I=K? (C,°+ 8%). 

Substituting for C, and S, and neglecting terms in ¢4 and higher powers 

of €, this becomes* 


i 5 K? €? Fs)2? (m). pst (Ze) 


The above expression relates to the intensity scattered by a single 
droplet in the direction ¢. But the light reaching it, and the light diffracted 
by it have both to travel through the emulsion, and the total path will not 
differ from the thickness / of the emulsion, if ¢ is not large. Hence, 
the actual light coming out of the emulsion from one droplet is 
I exp (— 7a’ NI£?/2). Also, if we take the droplets as distributed at random, 


then, the intensity of light diffracted out of unit volume of the emulsion in 
the direction ¢ is 


Ig=N 5K? €* F¥s2 (9) exp [— na? NI €2/2]. (27) 


* This expression can also be derived b 


y introducing th imati : . hes 
(1) to (3) as shown in Appendix II. ore a Mh eee 
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This is the general expression for the intensity of the diffracted light. In 
the next two sections, we shall discuss its nature in detail. 


5. Light Diffracted by Uniform Emulsions 


In a uniform emulsion, the droplets of the dispersed phase will all be 
of the same size, so that a is a constant, and the only variable to be con- 
sidered are the wavelength A and the angle of scattering ¢. 

(a) Variation of intensity with angle of diffraction 4 

If we use monochromatic light, then A is a constant, so that é is fixed. 
Hence, Ig is proportional to F3,.2(7). This quantity is plotted in Fig. 2, 
from which it will be seen that the intensity is zero for 7 = 4-5, 7:75,.... 
and is a maximum for 7 = 0, 6-0, 9-1,.... Since »= 27 (a/A) sin ¢, alter- 
nate bright and dark rings must be visible in the diffraction pattern 


20) 


—+70-8 


0 CPE eS 70 is 


7 
Fig.2. Graph of Fy, 7) againsé ?- 


corresponding to the above values of 7. The relative intensities of the first 
three bright rings are given by I,:I,:I;=5:1:0-25. For a ae x 10-* 
and A = 6 x 10-, the angle of diffraction for the first bright ring comes out 
to be ¢ = 0-028. In fact, Sogani, using a homogenized emulsion, found 
a value 0-025° for the angular radius of the first ring. The agreement of 
this with the theoretical value is not to be stressed, for the type of pattern 
observed by Sogani had a minimum of intensity at the centre, while our 
theory requires a maximum. The effect observed by Sogani is similar to the 
diffraction of X-rays by liquids; on account of the fact that the droplets in 
a homogenized emulsion have a quasi-regularity in arrangement, interference 
effects arise in addition to the diffraction by individual droplets. 


(b) Variation of the Intensity with Wavelength 
rom the expression (27), it is seen that the intensity Ig oc £e~B£? Fa9* (7) 
where B= 7a? N//2. Since Fy).2(7) gives only a variation with angle, the 
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intensity of the ring system as a whole can be said to be proportional to 
£2 e-F82, This quantity is equal to zero at £=0, increases with € up 
to £?= 1/8 and then decreases again. Hence, no ring system must be visible 
at A=A,, for which €=0. On either side, the rings must appear, and at 
first increase in intensity as the wavelength is removed more and more 
from A,, until it reaches a maximum. Thereafter, the intensity must 
diminish again until, when A is far removed from Ag, no rings must be visible. 
All these have been experimentally verified by Sogani. 


If now, white light is used, and the spectrum of the light diffracted at 
an angle is observed, then the intensity will vary as €? e-F§?, being zero for 
A= Ag, and being a maximum for the values of A for which 


€?= 1/B or (u— po)? = 1/y. (28) 
The function €e-f#£? has been plotted in Fig. 3 against € as ordinate, for 


the value 2 of 8. This shows the nature of the intensity distribution in the 
spectrum of the diffracted light. 


“3 2 -! ° 7] +2 


e 
Fare a 
fr9.3.Graph of £7.-PR against = 


(c) Variation of the Size of the Rings with the Wavelength 


Since n = 27a sin (¢)/A, it is evident that as A increases, the size of the 
rings must increase. Thus, the width of the ring system must continuously 
increase with the wavelength, although its intensity is a minimum at A,, and 
increases on either side. This fact has also been noted by Sogani. 


Another interesting fact, also noted by Sogani, is that “ the size of the 
rings....is, strangely enough, uninfluenced by the thickness of the emulsion’’. 
This, however, is a natural conclusion from our theory, for N and / occur 
only in the exponential in (27), and do not occur in the function F5,9°(7), 
so that, for the same reason as explained in Section (4) of (1943 5), the size 
of the rings must be uninfluenced by the thickness (/) or the concentration 
(N) of the emulsion. k 


6. Phenomena with Non-Uniform Emulsions 


In a non-uniform emulsion, all the droplets are not of the same size, 
so that the phenomena are a little complicated. In the preceding section 
: 3 
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it has been shown that the intensity diffracted in a direction ¢ is 5 K2£?F5 9? (7). 


Hence, the intensity is directly proportional to the sixth power of the radius 
of the droplet. But the width of the bright central portion is determined 
by the value of 7, which must be less than 4-5, i.e., the range of angles covered 
by the central bright portion is given by sin ¢ < 4:5 A/2za. Thus, the width 
of this portion diminishes with increase of the size of the particle. Hence, 
it is clear that, for any angle of diffraction ¢,, the maximum intensity will be 
due to particles of a certain radius a, (say), those having a larger or a smaller 
tadius, giving only a less intensity. This can be proved as follows: 


If the angle of diffraction is ¢,, then 7 =27 sin (4,) a/A, and 

/€ =4r(u — po) a/A, so that for a particular wavelength, ¢ is a constant 
multiple of 7. Also, K is a constant multiple of €, so that 

Ig cc 9°IS3)27 (9)/9° o¢ 7° Iai2” (n) (29) 

Hence I¢ is a maximum for that value, 7, of » for which 7° J3,.2(m)- is a 

maximum. The radius of the droplet corresponding to this is given by 

2m sin (¢,) a,/A = yo, OF 

Qa, = Ano/27 sin 44. (30) 

Thus, for every angle ¢,, the predominant portion of the diffracted light is, 

due to particles of radius a, given by (30), which is smaller for larger angles. 


In Section 5, we have shown that the spectrum of the diffraction light 
always consists of a minimum at A = Ay, and two maxima on either side 
corresponding to 
| ( = Ho) "max, = \/y. (28) 
But y is a function of a,, so that it varies with the angle of diffraction in the 
present case. Since y = 87°NI/-a*/A?, for an angle of diffraction 4,, 

823 NI A4 754 N/ 794 A? 


Y= 16 wt sint J, A? 20 sin? d,’ i(31) 
Thus, other quantities being the same, 
(u — Ho)max.  Sin® $4. (32) 


If, in the immediate neighbourhood of Ag, we assume a direct proportionality 
between (w — po) and (A — Ag), then it at once follows that the spectral 
range between the two maxima, viz., 

oA ses No) max. oc 2 (4 — Homan. ec sin? 4, (33) 
Thus, as the angle of diffraction ¢ is increased, the central dark portion in 
the spectrum of the diffracted light must widen, and correspondingly the 
bright portions also must broaden. This result from the theory is remark- 
ably confirmed by Sethi’s observations, where a progressive broadening of 
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the spectrum was found as the direction of observation was taken further 
away from the incident direction. 

In the discussion given above, we have neglected the effect of the varia- 
tion of A. On introducing this also, y o< A*/sin* 4,, so that 

(uw — Ho) mex. ec sin? ¢,/A. (34) 
Thus, the quantity (4 — o)max, Varies continuously with A, being greater for 
smaller wavelengths. Hence, at large angles, where an appreciable portion 
of the spectrum is transmitted, there must be a further broadening on the 
shorter wavelength side, and an opposite effect on the longer wavelength 
side. So also, the actual intensity is proportional to A~*, which enormously 
increases the intensity for smaller wavelengths. For both these reasons, 
the spectrum must show an asymmetry, greater intensity being concentrated 
on the shorter wavelength side of the transmission band. 

Another assumption made in the above discussion is that droplets of 
all sizes are present in the emulsion. Actually, there must be an upper and 
a lower limit to the size of the droplets. This fact limits the minimum and 
the maximum widths of the spectrum. Between these limits, however, the 
width must regularly increase with the angle of diffraction. 

My sincere thanks are due to Prof. Sir C. V. Raman, for suggesting 
the problem and for the keen interest that he took in it. 


Summary 


A theory of the optical phenomena exhibited by chromatic emulsions 
as also those observed in the Christiansen experiment has been worked out, 
de novo, on the basis of the diffraction of light by a sphere immersed in a 
medium of nearly the same refractive index. Expressions are derived both 
for the intensity of the transmitted light, and of the light diffracted in other 
directions. These are discussed in relation to the intensity and the spectral 
nature of the light and it is shown that the theory can satisfactorily account 
for the various phenomena observed by Sethi and Sogani. 


REFERENCES 

1. Christiansen .. Ann. d. Phys., 1884, 23, 298. 
2. Holmes, H. N., and 

Cameron,D.H. .. Journ. Am. Chem. Soc., 1922, 44, 71. 
3. Ramachandran,G.N. Proc. Ind. Acad. Sci. A, 1943 a, 17, 171. 
4, ———___ -. Ibid., 1943 b, 17, 202. 
5. Rayleigh, Lord -. Phil. Mag., 1885, 20, 358. 
6. ———__—__ .. Sci: Papers, 1899, IV, 392. 
7. Sethi, N. K. -. Proc. Ind. Assoc. Cult. Sci., 1921, 6, 124. 
8. 


Sogani, C. M. .. Phil. Mag., 1926, 1, 321. 


Optical Theory of Chromatic Emulsions 79 
APPENDIX I 
Note on the Convergency of the Series C, and S 
Let Cy = Su, = S$ = 7 a ! 2 Spay (y). 


pel nent 


Zt ‘Ye ef eee (a). 


(2p+ 1) (2p+ 2) n Jo41() 
But, for large values of p, Jp,o ()/Jos1 (n) = n/2 (p+ 2), so that 


bt.|22!|= Lt = Rip SD Olt e siicingg 20% 
fie aly s.Cpe 1 Cpr2) (p+ 2). Vhs =O. if tis finite. 


Hence 2' uy is absolutely convergent. 
In the same way, putting 


Sa Sr (2H 
pP=0 


Then |= = 
Up 


E20 £4 Jp + 3/2 (7) 


not 3729 


1 
2 (py! 
Ysal_ 1 £? JIs+se(n), 
Up 2p 7 SJp+a2(%) 
Substituting the value for Jz 45,2 (7)/Js+s/2 (n) for large values of p, 
namely y/(2p+ 5), 
Up+41 os (ae : . s : : ° 
a3 ao) = ioe 3p (p+ 5)’ which is also = 0, if € is finite. 
Thus, v, is also absolutely convergent. 
Hence, both C, and S are convergent for all values of € and y. 
APPENDIX II 
A Simple Derivation of the Expression for the Intensity 
As already remarked, one is interested only in small values of € in the 


study of chromatic emulsions, in which case cos (€ cos 6) ~1 and 
sin (é cos 0) ~(é cos 6). Substituting these in (1) to (3), 


n/[2 
X= K sin x [/ J, (7 sin 4) sin 6 cos 6 dd—J, (n)/n] 
0 


n/2 
—Kcos x f Jy (7'sin 4) ( cos 8) sin 9 cos 6 dé 
0 


The quantity within the square brackets vanishes, and using Sonine’s 
integral with »=0 and v=1/2, the second term becomes 


~ NE K € Jsj2()/0°"", 


Hence, the intensity is 
T= 5 K? & Joya? (n)/0°, 
which is identical with expression (26). 
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5's) ae te ae cece : 
LET 4544 + Be arc Me to co) =2' be, x”, k being a_ positive 
0 


integer and let = bzr=Bzn. Whenever 2 bin -»* S,/Bgy, converges to 


a limit say S as pes I shall indicate that ie) by the symbol S,—S (N, k) 
as N—>oo. (ict) 


The main object of this note is the proof of two theorems (I and II) 
the first of these being a Tauberian theorem on mean convergence or 
summability (N, k), the second being the summability (N, 1) of the Fourier 
series of a summable (L) function f(x) at a point x, at which, 
{((f@oth)—f (x0))° log |A|)}—>+0 as h-—>0. From these two theorems, 
which are new, it is noteworthy that the truth of the convergence criterion, 
of Hardy and Littlewood (1932) of the Fourier series of a summable 
function f(x) at a point x9, namely (1) {(f(xo+ 1) —f (xo) log | A |}—>+0 as 
h—>0 (2) the Fourier coefficients of f (x) or order n<A-1-8, (A>0, 8>0), (1-2) 
follows at once. Before proceeding further it should be noted that summability 
(N, k) is more stringent than Cesaro means of any positive order, for it can 
be established that (N, k) implies (C,r) when k >0 and r>0, but not 
conversely. 

2. Statement of Theorems 

THeoREM I. If S,—>S(N, k) k being a positive integer and 
Sn— Sp-1= 9Sn<An# (A >0, 1 >> 0), then S, converges ordinarily 
to S. (2-1) 
Note 1.—If »=1, in view of the remark at the end of 1, the theorem 
reduces itself to Cesaro-Tauber theorem. 

Note 2.—As we should expect from Hardy-Littlewood’s paper,’ we 
should be able to prove that whenever S,—>S(N,k), k being a positive 
integer then S,—>S also by Valeron means (V, k,) of order k, where 

—(p—n)? 
ES, e M _S asn—-eo, M=2:n™*; (2-2) 


ae 81 


F 1 
1<@ki<2,ie., Va 


Al 


82 K. S. K. Iyengar 


then the Tauberian Theorem I follows. But the direct proof of Theorem I, 
which is given here, apart from its intrinsic interest is much simpler than the 
proof of the fact that (N, k) implies (V, k,) for k a positive integer and 
1<k, <2. However for completeness the fact of (N, k) implying (V, ky) 
is stated as Theorem III, and the proof of this theorem under the title 
“On the relation between summability by Norlund means of a certain 
type and summability by Valeron Means,” will appear shortly in the 
Journal of the Mysore University. 


TueorEM II. If f(x) be a periodic (27) L integeble function and 
{((fth—-f (Xo) log |h|}—>0 as h—>0, then the Fourier series of f(x) 
at X9-is summable (N, 1) to f (Xp). (2:3) 

THEOREM III. If S,,—>S, (N, k) k& being a positive integer then 

SS, (V, k) 1<k, < 2(forallsuchk,). (2:4) 


3. Proof of Preliminary Lemmas 


Lemma I. Let bg, and Bz, be as in (1-1), and ag, be defined by 
(-Euv)Em-1 an 


then (a) ben = oe apy’ Deny, (b) Bry = 1 y apy Bin-y } 
_ a f(log n)*-1 1 t+ 6G:2) 
© big 0 (TN). Oe OC toga) 


(a) and (4) follow from the definition in (3-1) and (c) can be deduced by 
induction from = an 
bane =(14 275), Ce 


Proof of (d) of (3+2) 


_ (l—a) 2— a): -(n— 1-— 
Let V,,(a)= a we shall here establish by 


induction that 


i 
1 
Gime NB wees 1 " 
is E=1 J naa dat O (asa (3-4) 


[kK > 1] 


z 


$4 . ~(1— a)F 2 ym ayeng ny : 
Let I= f (I — x)* 55 5 oe da; integrating directly and expanding 
5 k : 


ick 
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(1— x)* and integrating term by term, we obtain 
1 (log 1— x)” 


Meenas (ji4. ey ): 
=E-2 [/ Va (@)-0- ES da} x (3-5) 
Multiplying by (— x)*-4, we obtain from 3-5 
eee) yy ca —x , 
cae pa ele log 1—x/J 


xe -1 | 
a ean) ‘ (i= a) ; eat 
+( 1) * [k ree z {V, (a) a° 7 ee da} x*+ kG. 6) 
From 3:1 and 1:1 definitions we have 


ein Spe, 
fone) oo tte. wa 


(3-7) 


so that for nm > k we obtain from 3:6 


eee ie 
2 
1, a—k+2 th, —a)j-1 
bodangae + (— 1)! fee da. (3°8) 


“Kn “kK-1,2n 


ata) 


It is easy to see that (3-4) is true Io: k=1; assume it true for k= 1, 2,:- 


k— t, then from 3:8 
1 RET a’ -2 (— 1)*-2 


a 
can= f Va -B+1 eek ie ae 2 [eae 
Q 
I, nea 1 
ee Uy aera ) da+ 0 (ss a) (3-9) 


1 
~f Vitiew of dat 0 (cogap): O20 


Now Vn & Peg and V,-4ci= Vals fi+0(;)}- 


Fience f Vien tae f Ye. pat dat 04; fv “a dah. 


(3-11) 


“a 


ean f cake 
-f Vice a da+O Te) 
0 


84 K. S. K. Iyengar 


4 
Hence Opn = f V,,-,0¢-da+O (ase a) for k > (3-12) 
thus proving (3-4) 
From G. 12) 
Se (roe) + ° foe (log aan) 
=O (—aesm) thus proving (d) of (3-2) (3-13) 


4, Lemma II ' 
If S,—>0 (N,k) where k is a positive integer and N=N,= [K-n5] 
where 0 > 8 >1, and K is a positive fixed number, then 


[ 2 ba rsw'Sn-r] 2 ba,r+n | —>0 as nN —>co | (4-1) 
0 


r=0 


[Since in what follows k is a fixed integer, a,, b,, and B,, shall stand for 
apn, Dz, and Bz, respectively and whenever x, and y, are of the same 


order we shall indicate by x,=O (S,) (big O) and whenever fe —0, we 
indicate by x,=0(y,) (little 0).] (3-2) 
From 3-2 and the condition about N it is easy to deduce that 


Eby rina dyaw (dy, 4-2) =O By n)=O [log nf] (4-3) 


and we have therefore to prove 3 bein Seep aoe (B,). | (4-4) 
Let 3 b, Sn _,/B,= yn; then from relation (3-1) we obtain 
Sp= Br Yn— 2 ap By-r Ynmr (4-5) 
Substituting (4-5) in the l.h.s..of 4-4 we obtain | 
2 Brin Se-r= 3 Ane By Ve (4-6) 
where An, r= On-pin— % ene — Gy~y by. (4-7) 


We shall now consider r.h.s of 4-6 in three parts. 
r=my [n— Nt] n 
bi Pini By Vpn aS + 2 =A+B+C. (4-8) 


r=0 r=0 fy +1 (a — Nt-e] +1 


where 7, is a conveniently chosen fixed integer. 
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Since by (3:2) 2 |a,| converges, we have from (4-7) and (3:2) 


(log N)*-1 
eae OC oy): (4-9) 
. ai 
Hence Cie ee ae kc nae OS NY 
. AS SOc nrc NMe So ey N B,=0 (B,). (4 10) 
Consider now B. From 4-7 and 3-2 (a) we have 
Ay r= On—7 41 Dy_iyt +++ a,_>, en (4-11) 


Since in B 
n—re N!-€— land C= 


) and b, =O (een: 


and ANy & ns] from, (3-2) 


1 
0 (storm 


: a lo = + iyi | 
we obtain from (4-11) | A <K Po (log Pp 
( / n, 7 S ok (N— pt 2) (q+ p) [iog (q+ p)}'+4 


where g—= n—T. 
Ke p=oN 1 


OS 3: : 
S og?” 2, GF) N—PFD (12) 
K; 
S fog a: (N+ q+ 2) (4015) 
K.:B q=n 1 

that |B Max of ACR AIS ote 

pee | betes Nie) log n N+2+ 4 
< Max of y,:K,°B,. (4-14) 

eee 
Consider now A. From (4-13) for fixed r as n—>oo we have 
K 

[Ayr] < yicge (4-15) 
so that for fixed r Ay 2B — O(G,) (4-16) 


so that. from (4:10), (4-14) and (4-16) and hypothesis that y,—>0 as 
n—>oo (ie. 4:1) we obtain A+ B+C=0(B,), thus proving 4:4 and 
establishing Lemma Il. (4-17) 


5, Proof of Theorem I 
Without loss of generality we assume that 
Dy by—+ S,/B,—>0, as N—>eo. (5-1) 
0 


[As in 4, ay, b,, B, stand for ag », bz» and Bz»). ; 
Suppose lim inf S,= —b, b>0 (5-2) 
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Then there exists a sequence Ng<,<°‘*' <N,—70° such that Sa S —b, 


0< b<b. (5-3) 
Since 8S, < A-ir# (0 < » < 1) it can be easily shown that 
Sa — 5,/2 when n, cn <n,t+ Na (5:4) 
b, n# 
where N, = N= [3 =| 
n r=n at+N 
Now B bygu-rSp= E+E Btls (5-5) 
r=0 r=0 r2entl 


From Lemma II x= 0 (By + n)- (5:6) 
By taking n=7,, in view of 5-4 


by Ae 


N-1 
wehave  Zy<—3h = bate me Re a een tee ee 


In view of condition ete N, it can be shewn that By_, > Ki‘Byain (5°8) 


where K, is a positive constant. 


Hence 2o/Byinn S&S — by *K,-so that 


y) 
Eby-rS, 
lim inf *—.—— « —=! K, contradicting 5-1. (5:9) 
B, 2 
Hence lim infS, = 0, the case of lim inf S,, = —co being easily disposed of. (5-10) 
similarly lim sup S,,= 0, thus establishing Theorem I. (5:11) 


6. Proof of Theorem II 
Lets, = 3 (a, cos rx+ b, sin rx), a,, b,, being the Fourier coefficients 


of f(x), and % fever thar OC Bs t= 2 fAXo)- (6-1) 


b sind) uae 


Then Sx) SOd=) f ¥Q- BEE! to if + €(n, 8) 
where 6 is so chosen that | (t) log t|<e O<t<5; € (n, 5)—>0 as n—>co (6-2) 
A, f oR Oa 


| + (7:8) (633) 
where Ky ()— 2S (Ch Date ogy Se oe (6-4) 
r=0 


. Se ey kia) 
ao a rl [2 = 


r=0 n+1—r 
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We shall first prove that 


K, (0) } 
ShWTE| De <L,-2n+1in0<t< 
+ (6:5) 
and i hn tne le 


The first part follows from the fact that 


To prove the second part we note that 


—i (at+*/2) t n+1 gift 
K,, (4) = Imaginary part of 1 —e ay Ps a = 
pst 


7 (2+5/g) ¢ Ve co eit 
= Imaginary part of : +e ; ‘(10 gi—e)+. 2 “)} 


p=nt2 DP 
‘ i (2+*/2) t 
= Imaginary part of 12 (P,;+ p,)} (6-6) 
Now | P,| = O {|log ¢]}whenO0 <qt<i<l 


and in “<1<6 = i niP,| <= =0(), so that second part of 6-5 is 


established. (6-7) 
Kalen (aie 
t 
i oO sma = J By f 
nln 
n{ 1 
(6-2) and (6-5) imply that J < K--L, and | 
| (6-8) 


If |<x: f Hote a eK, ‘e‘logn 


nln nln J 
(6-3) and (6:8) implies that S, (%9)—>f (%9), (N, 1) thus establishing 
Theorem II. 
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Introduction 


IN a paper on the theory of multiplicative arithmetic functions R. Vaidya- 
nathaswamy has investigated two operations on arithmetic functions— 
‘Composition’ and ‘Compounding’. In the same paper he has introduced 
the notion of a ‘ principal function ’ and has applied it to prove an interesting 
theorem on multiplicative functions which are functions of the g.c.d. of the 
arguments, the proof being by the method of ‘ generating series’. The 
objects of the present paper are (1) to study an operation which generalizes 
composition and compounding, (2) to study in detail principal functions, 
to give a purely arithmetic proof of Vaidyanathaswamy’s result mentioned 
above and to obtain other similar results, (3) to evaluate certain multiple 
Dirichlet series, and (4) to evaluate Certain multiple Lambert series. 


The notions and notations in Vaidyanathaswamy’s paper are employed 
here. 


Section 1. A Generalised Composition. 
1. Let (D) denote the matrix 


and let f and % be two arithmetic functions of a (r x s) matrix set of argu- 
ments. Consider the function 


2'f (D), 
the summation being for all divisions d; such that auf a= M; (j = 1, 227) 


and ¥(D)=1. We shall show that this Marae on ie includes composition 
and compounding as particular cases. 


Let the number of rows in the matrix be two and suppose that 


f Ge Nes Na tatMal Meh Oa 9s 2 ON HaMR 
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If we take % to be E(the function whose value is unity for all values of the 
arguments) it is clear that the above operation reduces to the composition 


of f, and f, (ff). 
Let g(M, N) denote the greatest common divisor (g.c.d.) of M and N. 
If we take & oe Pe: Ne) to be IT g (M;, N;), then it can easily be seen 
NEY SO ROSCNCX a #=1 


that the generalized operation is simply the compounding of f, and fg 


(fA OF). 


THEOREM 1: If f and % are multiplicative functions the latter being 
positive integral valued, then 


2° f(D)= F (My, ...., M,) 
#(D) = 1 

pil dig = Mg (g=1,°°°, r) 

4=1 
is a multiplicative function of r arguments. 


Proof.—Let II M; be prime to II N; and let (G), (DG) denote the 
#=1 i=1 


Su, oee eer eewve o) Sir dss ois eee eveaeee b} 
) and ( 
- aye is ay Ras 


an s19 eoeee eevee 


matrices 


respectively. Then it follows that 


F(MN,,..-..M,N,)= 2 £(DG) 
y (DG) =1 


8 8 
oe dig—Mg, 0 Sig=Noe, (g=1, siete ir) 
—b i = 


= 2 f(D)F(G) 
# D) 4G) =1 


={ J f(D)} x{ 2 £(G)} 
yD) =1 y(G)=1 


8 3 
4=1 i=1 


(g= 1, 2, °**,r) 


et (Mas 0. MXP N,N) 
so that F is multiplicative. 


2. The following are some other particular cases of the generalized 
composition. 
A2 
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(1) Let g(M,, ...., M,) denote the g.c.d. of My, ...., M,, and define 
u (Xe Pe) fo beg (Myc... MY X BINGO ND Dene 
bh ye Oe Te He r 
clearly multiplicative. Therefore 


as eeees d, 
2 Iya. Mya.) 
g(d,, +++, dy)=15 d; | Mj 
is multiplicative if f is multiplicative. 
(2) Take % to be IT g(M,,M,z) E(N,,....,N,). Then the multi- 
ise g 
plicativity of F follows that of f. 
3) Take 2 PECL AAS 
(G) Ta ac ‘len 


II g(M;,m) E(N, .... N,) 
#=1 


where m; (i= 1, ....,7) are given numbers. Then % is multiplicative. 
Therefore if f is multiplicative so also is the function 
age ee 
2 F(t % 4) 
A M,,/d,...., M,/d, 
g (d;, mi) =1 


(4;|M;; i=1,-+-,r) 
(4) Leto (QP pn) be g(M,, ¢<4.M,. Nis...) Ne) thenaee 


see that if f be multiplicative 
diace me 


Bap r ) 
(ntyd, 3 M,/d, 
& (d,, poe dy, M,/d,,° wey M,/d,)=1, d; | M; 


is also multiplicative. 


3. Principal functions.—f is called a principal function of r arguments 
equivalent to 0@ if 


F(M,, ...., M,))=0, unless M, = .... i Wa 
and f(M, ...., M) = 6(M). 
We shall write f = prince 6, 


THEOREM 2: If fi, f2 be.two principal functions of r arguments equi- 
valent to 0, and 4, respectively, then 


tt fi fo= prince 6,: prince 0,= princ (0,> 05), 


Si Ofo= prince 6, ® prince 0,= princ (6; ® 4). 
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All terms in the sum 


M M 
Efi diy +++ Gd fa Gs os GZ) 


where the summation is for any set of divisors d; of M; (i =1,...., 7) 
will vanish unless 
es pcan M, as A M, 
Gh dys. a d,, ihe eae CECE ys 


simultaneously, and so it is a principal function. In particular it follows 
that the composite or the compound of two principal functions is a. principal 
function. 


Also 
(princ 6,- princ 6) (M, .....M) =Zf,(d,....4@ 4% pe) 
aM d d 


Myr . 
= 2 4@) 02(-7 ) = (1-83) (MD); 
and 


, | ‘ MoM 
(princ 9, @ prince @,) (M, ee M= ZAG DCT. eee Z) 


eS). O(a). 05 Moe = (9, ® 9) (M); 
d|M ; a (d, M/d 


whence the required results follow. 


THEOREM 3: The function 


M M 
£ f(s ay gt) Od) 


where the summation is for all common divisors d of M,, ...., M, is equal to 
(f . princ oD) (M,, - J) M,). 
M, : 
For (f- princ 8) (My, ...., M,)= ZR NAAN Z) (prince 0) (d,,.., d,) 
But (prince 9) (d,, ...., d,)= 0 unless d|= ....=d,, 
Sai (2) Aidurty el, 21 o> Uy 


Peat Sf sa ewer) toring 6) (4d, ..., a) 
d,|M; Z ee 


= 26 FO rate 


the summation being for all common divisors d of Mj, ...., M,. 
A2a 
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In a similar manner we prove 
THEOREM 4: The function 
M, ye 
z £ (7p os FO) 
d\M,, °-*, My; g (d, M;/d)=1 
is equal to(f@ princ 6) (My, ...., M,). 
4. Let us write f, (M,, ....,M,) for 
ay (Meee) 
g (d,, °**, dy)=13 d\M; 
and g for g(M,, ...., M,). Then 
M, M, ies M, M, 
Bat (aa Z) Bs le sala 
d;\M; dig g(a, °+*,d,)=d; d,|M; 
i M, M, 
=5 z f(s sees FR) 
die & (B1,°**4 dy) =13 8; |*B 
= M, M, 
ef ae) 
d\g 
= (f, « princ E) (M,, ...., M,), by Theorem 3. 
Thus we get } 
THEOREM 5: If f,(M,, ¢...,.M,) = 2 6p b's x), then 
1 r 


& (dy +++, dy) = 13 d,|M; 
f: E=f;: princ E; 


or, equivalently (denoting the inverse of E by E-) 
f,=f EE  pring est 
Corollary.—By definition* f, (My, ...., M,) 
M M 
= DUE) (Fides (7 ces a) 
diM; 0 (g ( 1 ,)) ui d, ) o) d, 


ay {Eo (g) 4 Be (Mj, sees M,), Say. 
Therefore, taking f to be Ey we get 


Ey {g (M;, -..., M,)} =(E > princ E>) (Mj, .. 7M) 


if Ey is the function which vanishes unless all the arguments are unity and then is equal 
to unity. 
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Example.—Take f to be the function ¢g (M,, ...., M,) 
= IT $; (M3) 


where $, (M) is the Jordan function representing the number of sets of 
k aumbers not greater than M whose g.c.d. is prime to M. Then 


$2(Mi, ».--, M,) = (i, - E*) (M,, -..., M,) 
where I, (My, ...., M,)= ITI, (M,), Iz(M) = M4, 


and E-?-(M,, ...<, M,)= IT E* (M)). 
Applying Theorem 5 we get 


M M, 
2 (32) 0 PE 2) eae E ED princes) (Mee), My) 
g& (d,, 475 dy)=1 
= Uz * princ E~) (M,, ...., M,) 


_y (Me ue Me es 


=(Mie oe, NOV A 


where p» is the Mobius function and the summations on the right-side are 
for all common divisors d of M,, ...., M,. 


5. Let f(M;, ....,M,) be the principal function equivalent to %(M) 
and consider the sum — 


M M 
DAC on ER Ls) 
g (dy, ***, dy)=1 5 dM; 
f, being an arbitrary function. Obviously we need consider only such 
divisors which make es eae ae equal, say, to ¢t. Also we are to have 
1 v 
g(d,, ....,d,) =|, so that it. follows that ¢ is the g.c.d. of M,. ....,M,. 
Hence there is only one set of divisors bs ee ) for which the terms 
of the sum can be non-vanishing. Therefore we have 
M M M M 
BE fxn 2, AS (Gaon F)RA(GS GF) HO 
g (dy, °° °,dy)=1; d|M; 
Taking f, and ¢% to be E we have 
E, (g)-- prince E—-E, or Ep(g) = E * prince E-1 
which is the corollary of Th. 5. 
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Hence we have 
TuHeorREM 6: If ¢ denotes the g.c.d. of M,, ...., M,, then 


(Ms, MB) ew= {i x Eo) prine #) } (Mi, «My 


= {( f, x (E:prine E~})) - prine 4 i (M,,.-, M,). 
Taking f, = E we get | 
# {g (My, ...., M,)} =(E° princ E* #) (Mi, ...., M,) 


= [E - princ (% - E-4)] (M,, ...., M,). 
Thus we have 


Tueorem 7*: If f(M,, ....,M,) be a function % (4) of the g.c.d. 
t of M,, ...., M,, then it is the integral of the principal function equivalent 
to the function whose integral is w~. : 


Taking % to be E in Theorem 6 we get 
THEOREM 8: If ¢ is the g.c.d. of M,, ...., M,, then 


ip (es snes t= {(F x (E - prince E-4)) - prince E} (Mi i45. eve 


Analogous to Theorem 6 we can easily obtain 
THEOREM 9: If ¢ is the g.c.d. of Mj, ....,M,, then 


1( fi X Eo(g)) @ prince wt (M,, ...-, M,) 
HAAR HO, ite (s Fat 


= 0, otherwise. 


6. We shall require the following considerations in Section 3. 


Let P(a,,....,a,; M) denote the number of solutions in non-zero 
positive integers of the equation 


hk ae oe pp 


the a’s and M being positive integers, the g.c.d. of x, ...., x, being unity. 
Consider the function 
O(M) = 2 f{g(M,, ...., M,)}. 
ay M,+ aS + ay M,=M 


Let g(M,,....,M,) =d. Then d is also a divisor of M. 


* This result, when f is multiplicative, is the theorem of R. Vaidyanathaswamy mentioned 
in the Introduction. 
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It is therefore clear that we may write 
' BC Mya ee Bard) 
dM a,N,+° KY Ne mectin 
g (Ni, +1, N,)=1 


= 2 f(@P(@, ...., 4; M/d). 
diM 


This relation may also be written in the form . 

CF) (M) =P(qa, seeey Ay, M), 
provided f(1) + 0. 
Section 2. Multiple Dirichlet Series. 

1. A series of the form 

Monod UNG aad ve WEST LIVLg shoe nists savy”) 
NMS i=1) 7-6, + 

shall be called a multiple Dirichlet series. In all cases under consideration 


we shall suppose that s,, ...., 5, are so chosen as to ensure the absolute 
convergence of the series. 


eben os MOMS). 5-3 2 ML), 
Wa ta CIV, a. ct Va Nace cece Ie") 
be two multiple Dirichlet series. Then it can readily be shown that their 
product is the series 
DUGG ARS A AUIS ON, YA aA Bes 8 
Let f, be the principal function equivalent to %. Then 
rst oe, OM MF) a (Mi) IM 
It follows that 
{2'f, (Mi, .---, M,)/(Ma", «..-, M,")} {2 6 (M)/M™*- 7} 


M, M, $4 S¢ 
=2{zf, (Ca sa nf) oO} (M,"....M,2") 
where Z denotes summation for all common divisors d of My, ...., M,. 
ad 


2. Now 1/(M,", ..... M,") 
g (My, ***, M)=1 | 
= JE, [¢(M,, .-.., M,)]/(M,"....M,° 
— 3 (E- princ E-!) (My, ...., M,)/(M,", ....M,") 
={2E (Mj, ...., M,)/(M,", ...., M,°)}2 2 (M)/M*- +9) 


={ I £(s)}/E (2 5), 


1 
where £(s) is the Riemann Zeta function 2 os 
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Since %[g(M,, ...., M,)] = [Ep (g) - prince ¢] (My, ...., M,) 


we have also 
[ZT ¢ (s,)}/¢ (25;)] x &  (M)/M™- 
=D te [ge (My), .<..5 EG ees 
Examples.—(1) Put % =u(M). Then we get 
PagT) (g (M,, PO AO M,))/(M,", Ol A M,”) ear {II C (s,)3/{¢ (2's;)}?, 
(2) Put 4=the Jordan function ¢,. Then 
E $2 (8 (My «5 MOMs «+5 M0 Fie x SED 
= ¢ (&s;—k)/¢ (sy). 
(3) Put %(M) =o, (M) representing the sum of the ath powers 
of the divisors of M. Then 


Zoq(g (My, -.-.,M,))/(M,".... M) =" igh x toy Cee) 


= {II €(s,)} ¢ (2s;—a). 
(4) Put (M) =o,(M)o;(M). Then 
E0q(g (Mi, --..,M,)) 03 (g (My, ..--, M,))/ (My. ...M,") 


TI f(s). & (si) & (4s;— a) & (2 5;—b) & (2s;—a— ) 
sarge i § (2 25;— a— b) 


= {IT € (s;)} £ (2sy—a) € (25;—b) ¢ (2s;—a— b)/€ (22s; a— b). 
3. Theorem 6 of Section 1 gives 
M, M, . 
WOOF (Ty 9 FF) = (PX Eo (@)) » prine d} (Mi, --..,M,) 
where t= g (Mj, ...., M,). 
Theretore ou) 6B ee oe. oe M,% 


= {2 f (My, Bo M,) E, {g (M,, aes M,)}/(M,". .M,")} apy m (M)/M*+- 451 


But 2 f (My ..--,M,)/(MA", -....M,") 
& (My, +++, My) = 


= 2 f (Mj, ...., M,) Ey {g (Mj, ...., M,)}/(M,". ...M,*) 
Hence we have & ys Od Cam Me ie BO. .M,/) 


== {2h as (M1)/ Mts 8) 98 ee MM MD, 
8 (Mj, +, My)=1 


where ¢ is the g.c.d. of M,, ....,M 


r 
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Section 3. Multiple Lambert Series. 


Roecene S F( a vee a 
€ series dS. oO Blot ad) ye eae 
Peo ee ee) (i) 
i=l,-+:,r 


shall be called a multiple Lambert series. Here again, as in the previous 
section we shall suppose that the series considered are absolutely convergent. 


Expanding the series as a power series in x,, ...., X,, We get 
My 
af mM ; JAR yf m sek . . «Ny , 
( 1 r) (i— ee, ~ (lax) 


meer) IVE maetae A TIE AN X paar pes 
Replacing f by f- E™ we sce that 


Ms 


WGC at 
eps“) (ny, 2st, Hee) Te ay (ex) 
SZ iinaks iy ipo, ere 


Let f(m,, ...., m= 4 {g (m, ...., m,)}, 
= {E - princ (E*: $)} (7m, .., m,). 
Then we get 


2 princ (E* - #) (im, ...., m,) (k= i iy is ie Nea) 


Pre MPO (ITS ad ATE) YN pie ee eee 
The left-side is equal to 


en ie 


EF bE) Oo) qi 7 


so that we have 


E bE) (02) qe ay =F 8 Os os a} AI. 


Examples—(\) Take ¢% (m)= m’ so that % - E-! is the Jordan function 
d,. Then we get 


2 $2 (m) él See as m= {8 (Ee ead aa eS Oe eee ee 


(2) Put 4=o,, the sum of the ath powers of the divisors of the 
argument. Since (c, - E-!) (m) =m® we have 


co a mM ; Q 
m=1 soos 
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Let us put x,= x", ....,%,= x". Then we have 


ao {g (m, e0eeey m,)} xt « ~+CrINe 
x” (42+. +44) 


E90) Gay 


i = 


But the left-side is equal to 


By Len ob {gz (mM, eines 


m=) My++** -+aymy=m 


= J 3h OR (gee es oy 
LZ POP (te vores BYE x 


m=1 


where P (a,, ...., 4,3; m) is the number of solutions in non-zero positive 
integers of the equation 


ayX,+ eeee +a,X,= m 
the g.c.d. of x, ...., x, being unity (see Section 1 § 6). 
Thus we get 


E uP) on) =F bE) Om) qt 7p am 


Examples.—(1) Put %=E. Then we find 


= =p ee ; m_ xt... 448 
m=1 12 (4, ete a} 7 (i— tye (i bet dh 


(2) Put =E,. Then 


co (414. -+@r) 
or P Qi cen, Upton) hos Zz pt (m) fiz a Tie ray: 


(3) Put *(m) =m*. Then 


co ¢ 
E frk 2 Pay, 2. aps ld) a ee 
rer. { pe (a, a, / yh él — x7) |, wel — x41): 
In particular if we put a,= .... =a,= 1, and write 
Peal san) er aa 
we have 
ee # Ag Om, sy M,)} X= 2 (b+ P,) (m) x” 
m=1 


m=1 m,+:+*-+-m,=m 


= 3 GE) @) (=p) 
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Equating coefficient of x” we get 


m 
2 YE (ty «.-m)}= Eb (ZF) PO 


M+ +m,=m 
m; >1 
m 
2())o-e9(") 
where () denotes n(n—1)....(n—r+1)/r! 


I icular 5 Sh wa), 
n particu Sal P, (d) (ice 1) 


ie. Peom= 2 (Fo 1)e(Z)s 
ere 2 POA 2s 1) GF} 


Let the series 5 (% - E-1) (m)/m” be absolutely convergent. Then as 
m=1 


x tends to 1, 


SE) Om) ( 


i {e EA) (im’} 1-3" 


ec if we denote 
x w{g(m, ....,m,)} by ¥(m), we have 


My ss+-+Mmy=m 
re 
= Y(m) ~ az Xe (&: E+) (m)/m’* 
men ) (r+ i 
SS See x m)!m’. 
=TOTeED 2 Pm 
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SYSTEMATIC syntheses in the sulphanilamide group in progress at this 
Institute have as their objective the discovering of hitherto unknown com- 
pounds which may be of even greater therapeutic usefulness or devoid of 
the deleterious effects of those drugs already in clinical usage and the collec- 
tion of useful information leading to an extension of our present stock of 
knowledge on the mode of action of these drugs which would ultimately 
enable the rational evolution of more powerful members of the sulphonamide 
group. 

The view is widely held that compounds with a higher degree or greater 
range of therapeutic activity than sulphanilamide should be sought among 
its derivatives with cyclic, particularly heterocyclic, substituents at the 
sulphonamide radical. The present communication is a further extension 
of the systematic work undertaken? to synthesise the above class of compounds 
with all feasible ring structures and study their physiological activity in 
relation to their chemical constitution. 


The N-substituted sulphanilamides (Nos. 14-23) that were synthesised 
in this connection are listed in Table I. 


The requisite starting amines were obtained by the methods reported in 
literature with few modifications, the only exception being 3-amino indo- 
triazine, necessary for the preparation of the corresponding sulphonamide 
(No. 23). The procedure of De and Datta* was adopted for the synthesis in 
good yield of 3-amino indotriazine by condensation of isatin with amino 
guanidine in glacial acetic acid: 


Vi vee re ve aS: Sem p a 


f a C—NHg, 
pean N 
NaNO i ooo NA 
NH NH 
Isatin Aminoguanidine 3-amino indotriazine 


* A preliminary note covering part of the material presented in this communication 
appeared in Current Science.1 
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TABLE I 


SESS 
Nitrogen percentage 


ae Name M.P./°C. 
Found | Required 
14 | 4-Sulphanilamido acetophenone* .; “a 189-90 9-4 9-7 
15 | w-Sulphanilamido acetophenone .. ae 176-77 dec. 9-5 9-7 
w-Sulphanilamido acetophenone hydro- 200-02 dec. my v 
chloride 
w-(N*, Acetylsulphanilamido) acetophenone 151-52 dec. an ye 
16 | w-Sulphanilamido acetonaphthone 169 8-1 8-2 
w-Sulphanilamido, a-acetonaphthone hydro- 189 dec., sintg. 185 
chloride 
w-(N4, Acetyl sulphanilamido) acetonaph- 2021-04 dec. 
thone 
17 | N*-Acetyl sulphanilamido guanidine a4 117-18 dec. 25-4 25-9 
18 | 3, N4-Acetyl sulphanilamido, 1 :2:4- 210 dec, 25-1 24-9 
triazole 
19 | 5-Sulphanilamido benezotriazole .. ae 135-37 24-0 24:2 
20 | 5-Sulphanilamido indazole ap 243- 44 dec. 19-2 19-4 
5-(N#, Acetyl sulphanilamido) indazole pi 262 dec. at ee 
21 | 7-Sulphanilamido indazole ai 249 -50 dec. 19-3 19-4 
22 | 1-Sulphanilyl indole an we TS9s dec, 10-1 10-3 
1-(N4, Acetyl sulphanily!) indole .. a 146-47 9-0 9-0 
23 | 3-Sulphanilamido indotriazine Ae is 200-01 dec. 24-2 24:7 
3-(N4, Acetyl sulphanilamido) indotriazine .. 261--62 dec. Bis we 
36 | m-Hydroxy benzylidene sulphanilamide es 138 10:3 10-1 
37 | o-Nitrobenzylidene sulphanilamide . “indef. 13-5 13-8 
38 | 9-Nitrobenzylidene sulphathiazole nA indef. 14-0 14-4 
39 | m-Nitrobenzvlidene sulphathiazole a 220-22 dec. 13-9 14-4 


* Literature’ gives the melting point 208°C. 


The amino bodies were condensed severally with crystallised acetyl 
sulphanilyl chloride in pyridine medium and the resulting N*acetyl sulpha- 
nilamide derivatives subjected to the hydrolytic action of hot dilute 
hydrochloric acid, with one exception, namely, No. 22, which was obtained 
by hydrolysis of its N*-acetyl derivative with hot dilute (10 parts of 10 
per cent. sodium hydroxide. Except in the case of the N*-acetyl derivatives 
of guanidine (No. 17) and triazole (No. 18), where the attempts to isolate the 
finial compounds were not met with success, hydrolysis to the sulphonamides 
proceeded smoothly. 


Examination of the Schiff’s bases derived from the sulphonamides, as 
also those of the sulphones, has disclosed that while most of them are as active 
as the parent compounds themselves, at least in experimental streptococcal 
infections, a few of them were remarkably much less toxic.” 1 These com- 
pounds are chemically rather unstable and their activity is conceived® %™ 
to be due to their cleavage into the original sulphonamides, on oral admin- 
istration. While this mechanism of action holds for most members of this 
group, there area few instances for which this explanation would not appear 

A3 
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acceptable without further modification. Thus, for example, p-hydroxy 
benzylidene sulphanilamide” 8 is said to be more active than sulphanilamide 
itself. Again, the high activities claimed for the N*—p, nitrobenzylidene 
sulphonamides® 1% 11 are noteworthy. It is also of interest that both o- 
nitrobenzylidene and m-hydroxy benzylidene sulphapyridines® ® ™ should 
be rated superior to sulphapyridine or sulphanilamide against streptococci, 
but inferior to sulphapyridine against pnemococci. The results with the 
sulphapyridine derivatives are remarkable: while a decreased activity towards 
the pnemococcus is conceivable, it is difficult to understand how sulpha- 
pyridine, if it is the active agent, could give an increased activity against 
streptococci, when administered as compounds which liberate it in the body. 
However, if these results are true, the only explanation that could be advanced 
would be that the “‘ aldehyde half ’’ of the molecule or its derivative elaborated 
in vivo exerts a modifying action on the chemotherapeutic efficacy of the 
‘‘ active half’’. The Schiff’s bases (Nos. 36-39) shown in the table, besides 
a few others already reported in literature, were therefore prepared in order 
to investigate in some detail the mechanism of action of Schiff’s bases 
derived from the sulphonamides. 


The compounds reported herein are being investigated as to their useful- 
ness in experimental bacterial infections with particular reference to plague 
in mice at this Institute. 

Experimental 


The synthesis of the final sulphonamides having been effected according 
to the customary procedures, the experimental details have been omitted. 


3-Amino indotriazine—A mixture of aminoguanidine carbonate 2-74 
gm.) and isatin (2:94 gm., 1 mol.) in glacial acetic acid (100, c.c.) was gently 
refluxed for one half hour, diluted with water and basified with excess of 
ammonia. The 3-amino indotriazine recrystallised from alcohol as yellow 
needles, melting at 195-96°; yield-4-5 gm. (Found: N, 37:3; C,H,N; 
requires N, 37-8 %.) 


The Schiff’s bases (Nos. 36-39) were prepared by boiling together 
alcoholic solutions of molecular proportions of the appropriate aldehyde and 
the sulphonamide until crystal-separation occurred. The reaction mixture was 
cooled, the separated solid filtered and washed free of any traces of unreacted 
initial compounds by means of alcohol. These could not be recrystallised 
from solvents owing to their instability; they consisted of pale plates. 


Except Nos. 17 and 18, the sulphonamides (Nos. 14-16, 19-23) were all. 
recrystallised from alcohol; Nos 17 and 18 were obtained from water, all of 
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them (Nos. 14-22) were obtained as characteristic colourless needles, the 
exception being No. 18 which formed colourless prisms. The indotriazine 
derivative consisted of yellow needles. 


The yields of all the compounds were good. 


The author’s grateful thanks are due to Lt.-Col. Sokhey for his kind 
Interest and the Lady Tata Memorial Trust for the award of a Research 
Scholarship. 


Summary 


With the object of ascertaining the relative antibacterial merits of 
sulphonamides derived, among a few others, chiefly from heterocyclic ring 
systems, a series of N?-substituted sulphonamides containing the triazole, 
benzotriazole, indazole, indole, and indotriazine rings have been synthesised. 
Additional compounds reported are the sulphonamide derivatives of aceto- 
- phenone and guanidine. 


A few Schiff’s bases derived from the sulphonamides have also been pre- 
pared for their possible therapeutic usefulness and for a study of the mode 
of action of the sulphonamido Schiff’s bases in general. 
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BACTERIAL CHEMOTHERAPY, II: SYNTHESIS 
OF POSSIBLE INTESTINAL ANTISEPTICS 
OF THE SULPHANILAMIDE GROUP 


By S. RAJAGOPALAN 
(From the Haffkine Institute, Bombay) 


Received April 30, 1943 
(Communicated by Lt.-Col. S. S. Sokhey, M.A., M.D., L.M.S., F.A.SC.) 


THE successful application of the sulphonamides to the chemotherapy of 
many types of bacterial infections led to their trial in infections of the 
Cholera-dysentery-typhoid group, which are characterised by their main or 
entire localisation in the intestinal tract. The prerequisites of a compound 
to be an ideal intestinal antiseptic are that it should be poorly absorbed and 
also possess a strong bacteriostatic and bactericidal local action. The pro- 
perties of such a compound would permit the attainment of a high concen- 
tration in the intestine without being too toxic, due to a low concentration in 
the blood and tissues. Sulphaguanidine, a drug fulfilling these specifications, 
has been introduced by Marshall et al.1 and heralds an advance in intestinal 
antisepsis. Although sulphapyridine and sulphathiazole were found on 
clinical trial to have some curative value in bacillary dysentery, these drugs 
have the disadvantage, as far as intestinal infections are concerned, of being 
readily absorbed from the bowels and perhaps of being renal irritants in 
dehydrated patients. However, the evolution of succinyl sulphathiazole2—a 
drug which is believed to owe its activity to its slow cleavage into sulphathia- 
zole in the intestine—should be considered a right step in this direction. 


Three compounds of the sulphonamide group—sulphathiazoline, 
sulphapyridine and sulphathiazole—were therefore chosen for further syn- 
thetic elaboration and study of the resulting products as to their useful- 
ness in intestinal as well as a few other bacterial infections. It appeared 
that by introducing substituents at the sulphonamide part of the molecules of 
the sulphonamido heterocycles, compounds insoluble in alkali and therefore 
unlikely to be absorbed from the intestine, which is alkaline in pH, could be 
eae A list of some of the compounds prepared with this object are 
isted. 


104 


Bacterial Chemotherapy—I1 105 


Nitrogen percentage 


eat 
RA Name M.P./°C, 
Found | Required 
27 | 3-Metbyl. 2-sulphanilimido, 2 : 3-dihydro- 196-98 15-4 15°5 
thiazoline 
28 | 3-Ethyl, 2-sulphanilimido, 2 : 3-dihydro- 181-82 dec. 14°6 14-7 
thiazoline 
29 | N?-Phenyl sulphathiazoline rig -.| glassy liquid at 12°6 12-6 
156, which clears 
at ca. 185 
N*-Acetyl, N?-pheny! sulphathiazoline i 230 — a te 
30 | N?-Allyl sulphathiazoline ..| 186-89, softg. 187 13:8 14-1 
. N*-Acetyl, N?-allyl sulphathiazoline ..| 179-81, sintg. 176 3. a 
32 | 1-p, Nitrobenzyl, 2-sulphanilimido, 1 : 2- 234 dec. 14-4 14-6 
dihydro pyridine 
1-p, Nitrobenzy]-2-acetyl sulphanilimido, 215-18 
1 ; 2-dihydropyridine 
33 | 1-p, Nitrobenzyl-2-(p, nitrobenzylamino)- 208-10 13°3 13°3 
cine sulphonilimido, 1 : 2-dihydro-pyri- 
ine 
34 | 3-p, Nitrobenzyl-2-sulphanilimido, 2 ; 3-di- 199-200 dec. 13°8 14-4 
hydrothiazole y 
35 | 3-m, Nitrophenacyl-2-sulphanilimido, 2 : 3- 238-39 13°4 13°4 
dihydrothiazole 
3-m, Nitrophenacyl-2-acetyl-sulphanilimido, 216-18 


2 : 3-dihydrothiazole 


The nitro aralkyl derivatives (Nos. 32-35) were selected because of the high 
activities reported for a somewhat similar compound, N,‘ 4’-nitrobenzyl 
sulphanilamide.* 


There are two alternative structures possible for the compounds obtained 
by the above kind of operation on the sulphonamides. Taking the example 
of one of the sulphonamido heterocycles, namely, sulphapyridine, the intro- 
duction of an alkyl radical (R) can furnish the following isomeric products. 


UA i) 
H,N:+C,Ha: soon, and HeN+CgH4:SOq:N: 


R we N 


I 
R 


The production of one or other of the isomeric forms are conditioned by the 
experimental technique adopted and have recently been well, investigated. 
The nomenclature adopted for the compounds reported herein are, therefore, 
in accordance with these studies.*” 


Experimental 


3-Methyl- and 3-ethyl, 2-sulphanilimido, 2: 3-dihydrothiazolines (Nos. 27 
and 28) were obtained by the action of a slight excess of the appropriate alkyl 
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sulphate or iodide on an aqueous alkaline solution of sulphathiazoline. 
They consisted of colourless needles or plates after crystallisation from 
alcohol. 


N?-Phenyl sulphathiazoline (No. 29): 2-Anilino thiazoline—The method 
available in literature® gave only a poor yield of this compound. A modified 
’ procedure afforded the desired amine in a very much better yield; a mixture 
of B-bromoethylamine hydrobromide (10 gm.) in water and phenyl isothio- 
cyanate (6:7 gm., 1 mol.) was cooled and treated with excess of 20 
per cent. sodium hydroxide. The separated crystals were purified through a 
dilute hydrochloric acid solution and separated from alcohol in colourless 
needles, m.p. 158-60°. 


N1-Phenyl sulphathiazoline was prepared by the acid hydrolysis of its 
N‘-acetyl derivative, in turn obtained by condensation of acetyl sulphanilyl 
chloride with anilino thiazoline in pyridine according to general 
procedure. 


N1-Allyl sulphathiazoline (No. 30): 2-Allylamino thiazoline, prepared by 
the same procedure as adopted for 2-anilino thiazoline, was obtained as an 
oil which was used as such without further purification. 


The sulphonamide (No. 30) was prepared as usual from the above 
amine. 


1-p, Nitrobenzyl-2-(p, nitrobenzylamino-) benzene sulphonimido, 1 : 2- 
dihydro pyridine—A mixture of equimolecular amounts of sodium sulpha- 
pyridine and p-nitrobenzyl bromide in alcohol was refluxed until a neutral 
reaction resulted. The desired compound, which is insoluble in both dilute 
hydrochloric acid and sodium hydroxide, was separated from the accompany- 
ing basic monosubstitution product (No. 32) and from unreacted sulpha- 
pyridine. 


The compounds (Nos. 32, 34, 35) were obtained by the acid hydrolysis 
of the corresponding N*-acetyl derivatives, which in their turn were prepared 
by the interaction of the respective N1-sodio sulphonamides and the appro- 
priate alkyl bromides in alcoholic solution. 


The nitro compounds (Nos. 32-35) were obtained as yellow crystals from 
pyridine. 


The author desires to express his gratefulness to Lt.—Col. Sokhey for his 


keen interest and encouragement and to the Lady Tata Memorial Trust for 
the award of a Scholarship. 
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Summary 


Chiefly by the action of alkyl or aralkyl halides or the alkyl 
sulphates on the sulphanilamido heterocycles, a series of compounds, in- 
soluble in alkali, has been obtained. Because of the likelihood of these not 
being absorbed from the intestine, which is alkaline in pH, the type of com- 
pounds synthesised are expected to prove particularly useful in infections of 
the intestinal tract. 
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ALTHOUGH the compounds of the sulphanilamide group already evolved 
have provided medical science with some of the most potent weapons for the 
effective conquest of many diseases of bacterial origin, there is still a long 
list of bacterial infections uninfluenced by the newer chemotherapeuticals ; 
among the latter, leprosy and tuberculosis continue to constitute the major 
posers to chemotherapy. This justifies further exploratory work both on 
compounds closely related to the effective substances already known and on 
their structural allies but with other substituents. The present study is one 
of a series of such exploratory investigations in the sulphanilamide group 
undertaken at this Institute with the object of extending their range of 
therapeutic usefulness in bacterial infections, also including those caused 
by the acid-fast mycobacterium. : 


The newer reports of the effectiveness of the treatment of experimental 
tuberculosis in the guinea pig and the rabbit with members of the sulpha- 
nilamide group are still discordant. A number of workers have claimed that 
sulphanilamide,” * sulphapyridine,* prontosil soluble,’ sulphathiazole® 7? and 
sulphadiazine’ in high blood-levels may modify the course of experimental 
tuberculosis. However the results obtained so far do not appear to warrant 
clinical trial of any of the aforementioned compounds. The low antituber- 
cular activity of the sulphonamides, notwithstanding their direct action 
on many pathogenic organisms,® has been put down as perhaps partly 
due to their inability to penetrate the lipoid layer of the bacteria. Conse- 
quently, an attempt has been made to achieve better results by introducing 
lipophilic radicals into the sulphonamides. On this basis, only a single com- 
pound, N?’-dodecanoyl sulphanilamide, has been prepared® and _ tested 
experimentally without, however, consistent success.1”11 On the ground 
that sulphathiazole is more active than sulphanilamide against most bacteria 
the introduction of a lipophilic substituent in the heterocyclic part of 


* A preliminary note covering part of the i ied i i 
material embo icati 
appeared in Current Science.1 piimmannes 
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former has been tried; a series of alkyl sulphathiazoles!? as well as several 
sulphathiodiazoles!® have been prepared but have not yet been tested against 


the tubercle bacillus. Thus the results secured so far can in no sense be 
called uniform. 


Study of the numerous acyl derivatives of the sulphonamides hitherto 
synthesised has disclosed a few members effective in combating experimental 
coccal infections in mice associated with a low order of toxicity; some of them 
have also passed actual clinical trials.4 © However, with the exception of 
N?-dodecanoyl sulphanilamide which is uncertainly reported, on 1% 1 
and the chaulmoogryl derivative!! of sulphanilamide, none of the fatty acid 
derivatives of the sulphonamides appear to have been investigated as to their 
efficacy in tuberculosis or leprosy. 


The present communication represents one of the many possible lines 
of attack for ascertaining whether or not the sulphonamides can be pressed to 
service in the conquest of mycobacterial infections by suitable synthetic 
operations on the molecule of sulphanilamide. Accordingly, a series of acyl 
derivatives of the sulphonamides have been synthesised in the expectation 
that these might exhibit a much greater ability to penetrate the lipoid layer 
of the tubercle and lepra bacilli as compared to the parent sulphonamides. 
The sulphonamides chosen for necessary modifications of their molecules in 
order to render them lipophilic weré all previously known and reported to 
be active at least in some coccal infections. The final sulphonamides, 
prepared in this connection, are represented in Tabe I. 


For purposes of convenience, the nomenclature of Crossley, Northey 
and Hultiquist!? has been adopted. This does not however, exclude the 
alternative structure 


PATON 
R+CO+NH-+CgHg: SO2'N : 

INNA 

¢o-r 

for the N4, N!-diacyl sulphapyridines (Nos. 66-71 and 73) which is also 
possible.1® In all probability they are equilibrium mixtures of the two isomeric 
forms. The compounds Nos. 86-92 have been assigned the structure 
represented in the table on the basis of their mode of preparation and in 
accordance with recent studies’® on this type of compounds. 


Besides the simple normal fatty acyl derivatives, a few branched-chain 
acyl sulphonamides (Nos. 71, 73, 79, 80, 84), of which Nos. 71, 79 and 84 
contain the advantageous cyclohexyl group,’ were also included in this study 
in view of the interesting results obtained by Robinson and Birch?® with 
acids of the latter type. 
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TABLE I 
Nitrogen vercentage 
Serial M.P./°C. 
No. hte Found | Required 
40 | N*-n, Caprylyl sulphanilamide* .. ab 198 9-6 9-7 
41 | N*Cyclohexoyl sulphanilamide .. ae 238 9-8 9-9 
61 | N*-2, Rutyryl sulphapyridine Bi Sf 206 12-9 13-2 
63 | N*-n, Heptoyl sulphapyridine es 24 193 11-6 11-6 
64 | N4-n, Caprylyl sulphapyridine a Af 213-14 10-8 ti2 
66 _| N#, N'-Diacetyl sulphapyridine .. in 194 11-8 12-6 
67 | N4, N}-Di (n, butyryl)-sulphapyridine a 163 10:7 10°8 
68 | N*, N!-Di (x, caproyl)-sulphapyridine Pe 155-57 10-1 9-5 
69 | N4, N?-Di (n, caprylyl)-sulphapyridine we 135 8-5 8-4 
70 | N*, N!-Dibenzoyl sulphapyridine .. Ye 217 9-2 9-2 
71 | N*, N?-Dicyclohexoyl sulphapyridine a, 193-95 8-6 9-0 
73 | N*, N?-Dicinnamoyl sulphapyridine An 196-98 8-6 8-3 
74 | N*-n, Butyryl sulphathiazole on on 244-46 dec. 12-4 12-5 
75 | N*-n, Caproyl sulphathiazole Eu at 198-99 11-2 11-6 
76 | N4-n, Heptoyl sulphathiazole eK <e 202-03 10-8 11-1 
77 | N*-Palmityl sulphathiazole +s fs 140-47 8-3 8-5 
78 | N4-Stearyl sulphathiazole ys ne 148-50 7-8 8-1 
79 | N4-Cyclohexoyl sulphathiazole .. ae 222-23 dec. 11:5 14-5 
80 | N?-Furoyl sulphathiazole =e Es dec. above 240 12-0 12-0 
81 | N*n, Butyryl sulphathiazoline Pe =e 224-25 12-1 12-5 
82 | N1-n, Caproyl sulphathiazoline .. she 181-82 11-2 11-5 
83 | N*-1, Heptoyl sulphathiazoline .. ri, 175-76 1 iki, 11-1 
84 | N*-Cyclohexoyl sulphathiazoline .. Py 220 11-5 11-4 
85 | N*-n, Caprylyl sulphanildimethylamide bi 79-82 8-4 8-6 
86 | I- Methyl, 2-(N*-n, butyryl suJphanilimidio) 213 12°6 12-6 
1 : 2-dihydro pyridine 
87 | 1- Methyl, 2-(N*-n, caproyl sulphanilimido) 213-15 11-8 11-6 
1 : 2-dihydro pyridine 
88 | 3- Methyl, 2-(N*-n, caproyl sulphanilimido) 215 11-5 11:4 
2 : 3-dihydro thiazole 
89 | 3-Methyl, 2-(N*-n, heptoyl sulphanilimido) 173--74 11-3 11:0 
2 : 3-dihydro thiazole 
90 | 3-Methyl, 2-(N*-n, caprylyl sulphanilimido) 153-54 10-4 10-6 
2 : 3-dihydro thiazole 
91 | 3-Methyl, 2-(N*-n, caproyl sulphanilimido) 201-03 11:1 11-4 
2 : 3-dihydro thiazoline 
92 | 3-Methyl, 2-(N*-1, heptoyl sulphanilimido) 170 11-0 11-0 
2 : 3-dihydro thiazoline 
93 N“n, ea, N?-(p-nitrophenyl)-sulphanil- 248-50 dec. 11-2 11:6 
amide 
94 | Nt-n, ning N?-(p-nitrophenyl)-sulphanil- 152 10:3 10-7 
amide 
95 | N*-n, Butyryl sulphanilyl sulphanilamide .. 235-36 10-6 10-6 
96 N‘-n, Caproyl sulphanilyl sulphanilamide .. 184-86 9-4 9-9 
2- Sulphanilamido benzoic acidt . Ba ca. 215 dec. 9-4 9-6 
97 |. 2- eur Butyryl sulphanilamido)-benzoic 226-28 dec. 7-3 7:7 
4-Sulphanilamido benzoic acid? ae 181-82 9-3 9-6 
98 | 4-(N! a Butyrvl sulphanilamido)- benzoic 224-26 7:4 77 
aci 


“dS 
* Variously reported!® to melt at 189° and 200°C, 
+ Literature?® gives the m.p. 225°C. 
¢ Reported by Kolloff?! to melt at 225°C. 
§ Kolloff*? reports m.p. 202°C., Crossley et al!? give m.p. 198-200°C. 
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The N*-acyl sulphonamides (Nos. 40, 41, 61, 63, 64, 74-84, 93-98) 
were prepared by condensation of molecular proportions of the requisite 
acid chlorides on the respective sulphonamides in the presence of pyridine. 
The condensation products, obtained by dilution of the reaction mixtures with 
excess of water, were severally purified through precipitation from their dilute 
sodium hydroxide solutions (decolorising carbon) by acidification with excess 
of dilute hydrochloric acid. They were finally recrystallised from either alcohol 
(Nos. 40, 41, 61, 63, 74-79, 93-98) or Facetic acid (Nos. 64, 80-84) in 
colourless needles with the exception of Nos. 74, 75, 93 and 94, which were 
obtained as slightly pale plates or prismatic needles. The compound 
No. 97 was recrystallised from acetone in colourless needles. 


Of the remaining N‘*-acyl sulphonamides, the compounds, Nos. 85, 
88-90 were prepared by operation of molecular proportions of the appropriate 
acid chlorides on the respective sulphonamides in pyridine medium; for the 
remaining compounds, viz., Nos. 86, 87, 91, 92, the corresponding N‘-acyl 
but N?-unsubstituted sulphonamides constituted the starting materials: aqueous 
alkaline solutions of these, on methylation with dimethyl sulphate, furnished 
the desired compounds. The compounds were first purified and freed from 
traces of the initial parent sulphonamides by suitable methods dictated by 
their differences in character when they were obtained as well defined, colour- 
less crystals. The compound No. 85 was crystallised from acetone; the 
sulphathiazole derivatives, Nos. 88, 89 and 90, were obtained from acetic acid 
while the rest were crystallised from alcohol. 


The N*-N!-disubstituted sulphapyridines (Nos. 66-71, 73) resulted 
directly by the operation of slightly more than 2 mols. of the appropriate 
acid chloride on sulphapyridine itself in pyridine solution. These products 
were isolated by taking advantage of their characteristic insolubility in both 
dilute mineral acids and alkalies. As hot polar solvents had the tendency to 
split off the acyl groups at the N'-nitrogen of these compounds—in the case 
of the straight chain acid compounds, hot water broke them down to the 
corresponding N¢‘-acyl derivatives and the acids, while hot alcohol readily 
converted them to a mixture of the respective N‘-acyl derivatives and the 
acid esters—it was found advantageous to effect their recrystallisation by 
dilution of their solutions (charcoal) in acetone. These were then obtained 
as colourless plates and were dried in vacuo over anhydrous calcium chloride. 


The yields of the final compounds reported herein, in all the instances, 
were good, 
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Lam thankful to Col. S. S. Sokhey for his kind interest in this investiga- 
tion and to the Lady Tata Memorial Trust for the award of a Research 


Scholarship. 


Summary 


‘On the ground that the sulphonamide group of drugs after suitable 
synthetic modifications of their molecules may probably be useful in 
mycobacterial infections, the possibility of rendering a few members, previously 
known to be active in coccal infections, lipophilic by the introduction: of 
fatty acid residues in the latter has been explored. Accordingly, normal and 
branched chain acyl derivatives, thirty-seven in all, of sulphanilamide, sul- 
phapyridine, sulphathiazole, sulphathiazoline, etc., have been synthesised. 
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NEW CONVERGENCE AND SUMMABILITY TESTS 
FOR FOURIER SERIES 


By K. S. K. IYENGAR 
Received July 5, 1943 


1. Let f(x) be a periodic summable function and 
tb, (= |f%ott) +f%o— t)— 2f(%) |. (1-1) 


Theorem A of this note is a generalization of the FeJer-Lebesgue-Hardy 
theorem which (latter) is:— 


: f t,,, (t) dt +o as u—>o implies the (C, r)-(r > 0)-convergence of (1-2) 
+) 


the Fourier series of f (x) at xg to f(x). [Zygmund!, FeJer?, Lebesgue?, 
Hardy*.] The subsidiary theorem B of this note discusses the relation 
between the various forms of the hypothesis of theorem A, and in particular 
their relation to the (F. L. H.) hypothesis in (1-2); and with the examples 
given below it in 3, establishes that the (F.L.H.) theorem is a particular 
case of theorem A. 

Theorem C is a generalization of convergence test of the Fourier series 
of f(x) at a point x, due to Hardy and Littlewood® (1932), the latter test 
being as follows: 

(1) #,, (2) log t>0t 0. (2) the Fourier aati eats of f(x) < Am (1:3) 
(A>0, 5>0). Hardy and Littlewood have established their test by 
using the Tauberian theorem associated with Valeron® (1917) means. In 
a recent paper? (1943) I have derived this test by proving 


S, (Xo) 


barn ce yee = > (x0) aS Il —>co, 


(a) (1) of (1-3) implies that 


(b) (2) of (1-3) is exactly the Tauberian condition associated with con- 
vergence by the means in (a). Proceeding along the lines of my paper,’ 
I have derived theorem C, from theorem A and a new Tauberian theorem 
in another paper® of mine to be published shortly. It is noteworthy that 
the form of theorem A permits us to replace (1) in the Hardy-Littlewood 
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test by the slightly broader one (1)’ f p,, (t) Log tdt +0,u— 0 
9 


a 
or the still broader one (1)’ ae Jf by (1) nant dt—>0Ou—>0 


In 7 I have discussed particular cases of interest of A and C. 


[Note.—In what follows “ F.L.H. hypothesis ” will stand for the condition in (1:2) namely 


if bx, (t) dt->0as u—>0 and F.L.H. theorem, the theorem of (1-2).] 
Q 


2. Notations and Definitions —The by, by’, By, By’. 4x, (t), By, 5, Sz (Xo), are 
defined as follows : 


(1) b= 0.5) (2) ty Ope 0s, el ae 
(3) Bore z b, (and —->co as neo). (4) b:= diy, Bs= By, Dy’, By’, 
r=0 
etc., being restricted by the same conditions; 
(5) vy, (f) defined as in (1-1); (6) S,(%)=4 aot 2 (a, cosr x5+ 
1 


+ b, sin rx) a,, b,, being the Fourier coefficients of f(x), f(x) 
being as in (1-1). ‘ 


3. Statement of theorems A and B and remarks.— 


; Ly tA SEND 
TueoreM A; If p+ f Ue, (7): at>0 (a>0) (3-1) 
e300 
and + 228 « B.* is bounded for all-N 
BB. oe ed fora (3:2) 
1 Le 
then B,” . re by’ Su» (Xo) >f (Xp), aS 2 —> co. (3-3) 
Particular case of A of interest is as follows : 
. 1) B, 
Let 6 (1).= $y, G rE: 


THEOREM A,: 
t 
A | 
If (a) 9 (0) +0 or (b) + if 9 (u) du —> 0 as tf -> oo then (3-3) will be true. 


(3-4) 
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[It is to be noted that (b) of (3-4) could be given in another form com- 
t 
pletely equivalent to it namely ; if 6 (;) du'—> 0 as t — 0; also it can be 


i) 
shewn that (3-4) (a) implies (3-4) b, and (3-4) b implies (3+1)]. 
oid theorem B. 


b 
If a s B, B,’ is bounded for all N (> nq) (i.e. € some positive k) (3:5) 


then sb fi ber (;) » dt —> 0 (a > 0) implies 


2-00 
1 1\ -B; 
po f i () Fao 3-6) 


If (3-5) is not true (3-6) is not necessarily true. (3:7) 
[Note 1.—It is to be noticed that (F. L. H.) hypothesis can be put in the 


4 
equivalent form i py, () dt > 0 x—> co; so that from conditions in 


2 about b,, it follows from theorem B that hypothesis 5 if ah tee, (7): B, dt—0 


implies the (F. L. H.) hypothesis and eae B S ag is bounded for all N> 
By a 


the converse is also true; so that in this case ce. L. H.) hypothesis is equiva- 
lent to hypothesis (3-1). But the form of theorem A allows us to enlarge 
the field of (C, r) summability for the Fourier series of f (x) at xg as the 
following example shews :— 

Example 1.—Let 0 < p,< po and p,+ py < 1 and ¢ (x)= logloglog x. 
Let F,= n° stp cos # (”) ong F,—F,-1=5, for sufficiently large n, say 
NSN. bo, bj, 5,1 being defined suitably to suit (1) and (2) of 2. then it 


can be proved that (a) b, and B,= z Doescabisivel ww (2) (3) of 2peand 
Bs fe es is bounded for all N >7p. so that from theorem A it follows 


ade 5 b, Sr 4 (Xo) >f (xo) if (F. L. H.) hypothesis is true: It is to be noted 


B,2 
Log Be 


Looe in this case oscillates between p,+ pz and p,— p,.] | (3-8) 
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N b ; 

[Note 2.—Hypothesis (3:2) namely boundedness of B ei B, B. 
Log B, 1 B, / Lox Bae 
implies Log By’ is bounded above, in particular ,~ — 2 “ implies Logn ** 
bounded Abc for n >2.] (3-9) 


[Note 3.—The following example reveals the importance of condition 
(3:2) in theorem A. 


Example 2.—Let f(t) be an even periodic bounded summable function 


S, (0). 
og n 


and let its Fourier coefficients be such that Lim sup fe 
where S, (0) = 4 a+ a Ay. 


f) A aed 
Let 4 (= oeaa mos ji] @<S< Ki. 
= 0 otherwise. 
In this case the Fe Jer theorem at t= 0 about ¢ (£) is true. 


Taking be= aq it is easy to see that 43 2 ze in this case —>co as 


1 By 
N — co. 
, 3 Sx-r O) 
It can be established that oe does not converge to #% (0)= 0, 
ool Er 
S, (0) = the sum of the Ist n+ 1 Fourier coefficients of % (7). [Incidentally 
this example establishes (3-7) of B, via A.] (359) 


[Note 4.—In view of theorem B, it is sufficient to establish theorem A 
in the following form :— 


A. Hypothesis (3-1) implies es by Say (Xo) eFilXe):] (3-10) 
“a0 
4. Proof of theorem B.— 2 
nt1 : 
1 
Let d_= if be (;) dt. (4-1) 


It can be easily established that 


Monti AY SB . 
ot if by, (=) 5 — dt—>+0 as x > co is completely 


equivalent to Be pees —>0 as n—> co. (4:2) 
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and similarly with regard to SS i be (;) re ESO (4-2) 
so that we will have established theorem B if we prove the following: 
a ae ae B, ay 1 B,’ an 
B. If x, ee : sand: ), = Br : and 
‘ : MS Rs B,’ is bounded, then x,, 0 implies y,,—>0. (4-3) 
wn Ro ¥ 


Without the boundedness condition it (4-3) is not necessarily true (4-4) 
Proof of B.—From definition of X, in B, we have 


| iy = 2 (F5p — Sp dE Pat 
and Yg— ga’ 2BY (@— a+ gr EBB xs 
eet Vn, (4: 5) 


From the boundedness ips xB B,’, and x,—>0 and hypothesis 
0 
in, 2, about B,,’, it follows = 

Vng 9 as noo. : (4-6) 


From the fact that B,,’ increases monotonically to ce and Xz —>0 it follows 
from Kroneker’s theorem that 


Vai asin => cs (4-7) 
thus (4:5), (4:6) and (4-7) establish (4-3) of B. 
(4-4) is covered by example 2 in (3-9); thus establishing B. 


5. Proof of A—By the usual formula in Fourier series ad Riemann 
Lebesgue Lemma, we have 


Sx (%o) — f (Xo) = {f(%ot D+F (%o— 2) 
i) 
sin(n+ 4)t 
— 2 f(Xp)} eso dt+ «(n, 8) wan (5-1) 
where 0 < 5 <7, 8 to be suitably chosen and Hoe and « (n, 5) > 0n +60. 


Hence m2 pein es es fea < we ‘y if. dy, (Ee Lea (0) a 


“sin = 
5 


+e’ (n, 5) | (5:2) 
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where k,, (t)= z b, sin (x ~ 5 r) t and 


é’ (n, 8) = |é DEEN a ee) 
0 B,, 


| +0 as nN —>oo. 


We shall here prove 


7} 
(a) Ol gant tye, | 
sin ~ 
7 + (5-3) 
(b) Laie k, (some positive constant) in : <t<d | 
1 
; J 
t 
(a) follows from Ee Sy ——1< m for integral m. 
Proof of 5+3 (6). 
n ¥ ] 
LID, +-—r)t 
: sin (» 5 r) 
3 
—tlatott 4 i(r-+1) ¢ 
= Imaginary part of {e ( 2) -L be \ 
0 
n 7 1 [7] n 
and Sia hey Veh ome + 2 <1): 
r=0 r=0 [i ]+2 n 
= Agact Ane 
By hypothesis in’2 about b, and Abel’s inequality we have 
k 
| A,2| ir a <k’ Buses 
and MAgal <> Bis 
Hence | k,, (t)| < ka: Byyi in| Ne < 6 thus establishing (5-3) d. 
LAG) 5 as 
N ae eee 
ow Jr, f one ee 1. Sta f 
sin = nS 
2 n 
=E,+ F, (5:4) 


By (5:3) wEx< Et. f be, (dt. 
9 
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and by Note 1, under B, hypothesis of A or A, namely (3:1), implies 


nf $, (t) dt > 0n > on. 
0 


Hence E,— O0asn— co (5:5) 


6 
ks Biz A 
Fe < ari fa, (OAH dt by 5-38 


1 
n 


< is. Poe (;) By dt which by hypothesis of A 
on B, DANE Ts 
1 


5 
converges to 0 with n co. (5-6) 
Hence (5-2), (5:5) and (5:6) establish A (and with B, A also). 
6. THEOREM C: If f(x) be a periodic summable function and 


(a) x if 6 (t)-b, dt +0 or (a’) : fo (t) dt—>-0 (a") 6(x)—>0as x—>co 

1\ B 
where 0 (= Hs, (5) ah (6-1) 
and (b) the Fourier coefficients of f(x) < 4 (A > 0). (6-2) 


then the Fourier series of f(x) converges at x9 to f (Xp); 


the terms b,, B,, py, %,, (t) being as follows :— 


[(1) 59 > 0; 
(2) > aes 3B On —>1 asin —co; 
Dy 2 Dea. 


(3) Dh B,—0o N oo; 
.0) 
(4) b= bin, By= Buys 
(5) Py is defined by per < 8 < 2M, 0 < 3 <1, (8 being fixed); 
c n % 


(6) #,, (¢) as in 1-1]. (6-3) 
Conditions (1), (2), (3) and (4) of (6-3) imply that 5,’s and B,,’s satisfy 
(1) and (2), (3) and (4) of 2, ; 
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Hence by theorems A and A,, (6:1) implies that 
1 
B, 
In a paper’ to be shortly published, I have established the following 


3B, Spy (%) Ff (%) a8.2 > 00 (6-4) 


Tauberian Theorem :—‘“Under conditions (1) to (5) about b,, if a sequence 
S,, is such that 


le 


: A 
(a) 7 3b, Spy +8 as n reo and (8) Sy—Sy-1 < 5 (A>0) 


then S,, converges to S in the ordinary sense. (6-5) 
In view of this, conditions (6:2) and (6-4) establish theorem C. 


Special Cases of A and C.—In these special cases we shall consider, the 
coefficients satisfy (6:3) thence the conditions of 2, so that we can 
consider the special cases of A and C, together. ) 


(1) b, ~ > 0<o<1. Theorem A=(F.L.H.) theorem, and the 


Tauberian part of C= Cesaro-Tauber theorem for (C,r)0 <r«€l. 


(2) be= aq" Theorem A for this case is discussed in my paper? 
Theorem C in this case is the Hardy-Littlewood (1932) test with 


slightly broader conditions. 

—————EE ae ipl ae . 
nlogn’ n log n log log n 
dition of A or A, gets stiffer and stiffer, and the Tauberian 
condition in C gets broader and broader, for example in the case 


bn n log w 
$, (1). log t - log |log t] +0 ¢—0. 


(3) Corresponding to by ~ , etc., the point con- 


the point condition is in its simplest form is 
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Introduction 

THE measurements of the brightness of the zenith sky during evening twilight 
at Colaba, Bombay, during the clear season of 1937-38 were discussed by 
one of the authors in a previous paper (referred to hereafter as Part I). 
For a comparison of the brightness of the twilight sky with that calculated 
from Rayleigh’s theory of molecular scattering of light, it is of importance to 
carry out exact photometric measurements under conditions of very clear 
skies. The observations at Bombay were affected to an unknown extent 
by scattered light from dust or other particles suspended in the atmosphere 
due to stray illumination from the city lights. * With a view to secure photo- 
metric measurements under conditions less affected by this, further experi- 
ments were carried out at two places: Poona (height above mean sea-level 
1,830 ft.) and Mt. Sinhagad (height above mean sea-level 4,400 ft.). The 
present paper describes and discusses the results of these experiments carried 
out during the clear season of 1941-42. 


Experimental 


The photometric measurements were made with the same visual photo- 
meter discribed in Part I. The two sliding colour filters used in these experi- 
ments were: (1) Green, VG, (Schott and Genossen) and (2) Red, 27A 
(Wratten). Readings were taken for different positions of the sun below the 
horizon both before sunrise and after sunset during a large number of clear, 
moonless twilights. In these experiments the photometer lamp was fixed 
slightly nearer the magnesium oxide screen so that readings could be obtained 
for smaller depressions of the sun below the horizon (9) than those obtained in 
Part I. Thus with the red filter, observations could be started when 6 = 4° 
and continued down to 8 = 11° while with the green filter they could be 
started when 0 = 4° 30’ and continued down to @ = 18° and even further. 
In taking measurements, one observer sat at the photometer in the dark room 
matching the brightness of the zenith sky with that of the Magnesium Oxide 
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screen at short intervals of time, while the other observer sitting outside the 
room noted down the corresponding readings of the ammeter and the chro- 
nometer and also from time to time the condition of the sky. 

It must be mentioned here that the black-out restrictions during the 
pariod of observation at Poona proved to be of great advantage as they elimi- 
nated almost completely the stray illumination of the lowest layers of the 
atmosphere. Conditions at Mt. Sinhagad were still better since there was 
no question of stray illumination at all and the place is above the dust layer. 

The calibration of the photometer lamp was carried out as described 
before in Part I, against the same standard Kodak Acetylene lamp using the 
two colour filters. The factor K, referred to before, required to convert 
ammeter readings to units of brightness in candles per square centimeter per 
unit solid angle, is equal to 0-090 for the green filter VG, (Schott and 
Genossen) and 0-128 for the red filter 27A (Wratten). 


Results 


The readings were grouped 
separately according to time, 
place and colour filter used. 
For every twilight, two curves, 
one for each filter, were drawn 
showing the variation of log 
(1/r?) with the position (6) of 
the sun below the horizon. The 
individual values in each group 
show little variation from the 
mean and therefore only an 
Hn Sumacso-cvenme. |\ Me.Sumseso-Monnme.{ average curve was drawn for 
each group separately. Such 
average curves for Poona and 
Mt. Sinhagad are shown in Fig. 
1. For the sake of comparison 
the Bombay evening curve for 
the green filter is also shown 
Depression of the Sun in the same figure. 


Fig. 1. The brightness of the zenith sky as a function of the depression of the 
sun (in degrees) below the horizon : 
Brightness of zenith sky = 0-090/r? for the green filter. 
and new is - 0-128/r? for the red filter. 
To isolate the red region, Wratten red filter 27A and for the green region, Schott and 


Genossen green filter VG, were used. The broken curve represents observations made at Bombay 
with the same green filter. 


Poona-Evenine. Poowa-Moanins. 


eal 


log (/r*) 
wt 


wl 
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The mean values of the intensities expressed in the above-mentioned 
units for different depressions of the sun below the horizon are given in 
Table I for each group separately. The numbers of observations from which 
the averages are obtained are given in brackets at the top of each column, 


TABLE I 


_ Logarithms of the brightness in candle power of the zenith sky at 
Poona and Mt. Sinhagad during twilight for different depressions of the sun 
. below the horizon 


Poona | Mt. Sinhagad : 
: a se Sunrise | Sunset Sunrise | Sunset 

horizon 

Red Green Red Green Red Green Red Green 

n=(13)| (15) (2) (7) (14) (14) (4) (4) 
4° e rh i | 4-538 
4° 30° 4-141 | 4-322! 4-288 | 4-302) 4-148] 4-462 | 4-358 
5° 5-805 | 4-132 | 5-928 | 4-082] 5:748| 4-127) 5-938] 4-172 
5° 30” 5-378 | 5-822| 5-608 | 5-812] 5-383 | 5-802] 5-588] 5-882 
6° 5-148 | 5-522 | 5-238 | 5-502] 5-008 | 5-432] 5-258] 5-532 
7 6-378 | 6:922| 6-578 | 6:892] 6-338] 6-892| 6-658] 6-952 
8° 7-828 | 6-422] 6-018 | 6-432} 7-868 | 6-322] 6-108] 6-432 
9° 7-388 | 7-982 | 7-558 | 6-002] 7-428 | 7-862 | 7-638 | 6-032 
10° 7-098 | 7-582] 7-248 | 7-632] 7-088 | 7-487 | 7-248 | 7-652 
f1° 8-798 | 7-242 7-292 | 8-728 | 7-182 7-352 
428 He 8-926 7-012 8-912 7-092 
13° iM 8-672 8-762 8-742 8-852 
14° at 8-492 8-572 8-532 8-632 
15° a 8-402 8-442 8-432 8-522 
16° ms 8-372 8-402 8-402 8-462 
19° Be di ee3ape ib. Anes 48293. Cs. wil Be332 3-452 
Discussion 


For the sake of comparison, average values of intensities for 6 = 9° 
to 6 = 18° obtained at different stations are brought together in Table II, 
after converting them into star magnitudes using the standard candle as an 
AS 
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intermediate step. It will be seen from this table that in general, smaller in- 
tensities were observed at Poona and Mt. Sinhagad than at Bombay. 
Considering the green filter curves at Bombay the intial rapid fall of inten- 
sity continues down to about @ = 10° and then gradually reaches the final 
value of star magnitude 17-6 at about 15°-16°. But at Mt. Sinhagad and 
Poona the initial rapid fall of intensity continues down to about @ = 14° 
and then gradually attains, the final value of about 19 star magnitude at 
6 = 16°-18°. The measurements made by Link? at Rysy show that for = 13° 
the zenith sky there is brighter than that at Mt. Sinhagad and Poona for the 
same position of the sun below the horizon. : 


TABLE II 


The average values of the intensities of the zenith sky expressed in star 
magnitude with respect to the standard candle, obtained at 
different stations for 6 =9° to 18° 


z Q. Poona | Mt. Sinhagad | Bombay | Rysy. 
we 
RRL = Ee — 
ane) 
8 s 2 Sunrise | Sunset | Sunrise | Sunset | Sunset | 
ZR 5|- 
De ie - 
oe 
fal ¥ Red | Green|} Red | Green} Red | Green| Red | Green| Red | Green | Green 


9° | 16-53 | 15-50 | 16-11 | 14-99 | 16-93 | 15-35 | 15-91 | 14-92 | 16-30 14-95 | 14-15 


10° |. 17-25 | 16-05 | 16-88 | 15-92 | 17-28 | 16-28 | 16°88 | 15:87 15-74 | 15-00 
11° | 18-01 | 16-89 A 16-77 | 18-18 | 17-05 este) O62 bys 16-27 | 15-85 
12° es 17-69 36 RIN 12 At bys72 “rd 17-24 he 16-72 | 16-55 
13 9G ae 18-32 ae 18-09 ar 18-15 es 17-87 314 17211720 
16° iz 19-07 4c 18-89 Ae 18-95 fe 18-85 36 17-60 oe 
18° ue 19-190 ee 19-05 cu 19-17 ate 18-87 ve A 


There is also a marked difference between the morning and the even- 
ing curves, the evening twilight being on the average slightly brighter than 
the morning twilight. This is probably due to the greater scattering of light 
by. the dust in the atmosphere during evening twilight than during morning 
twilight: during day dust is raised from the ground layers by convection 
currents. In the evening it begins to settle down and this process 
continues throughout the night. As small suspended particles scatter the 
incident light enormously in the forward direction, it may be expected that 
the twilight glow is stronger when there is a greater amount of dust present 
in the upper atmosphere. The effect of the dust in reducing the intensity 
of the scattered light on its vertical path downwards from the zenith sky 
can be shown to be of much less importance. Hence the zenith sky during 
evening twilight should be brighter than during morning twilight. The larger 
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values of intensities observed at Bombay for 0 = 16° —18° arises from a 
different cause and are to be attributed to the scattering of the light from the 
city lights. As pointed out before the measurements at Poona and especially 
those at Mt. Sinhagad are less affected by this source of error. 

The intensities observed at Poona and Mt. Sinhagad for 6 = 18° (viz., 
18-87-19-19 star magnitude) though distinctly smaller are comparable with 
the value of 18-76 star magnitude observed by Jean Dufay? for the night 
sky during 1922-26, and with the mean value of 18-61* star magnitude obser- 
ed by Bauer, Danjon and Langevin’, at Mont. Blanc for @ = 25°-29°. 
Thus, Jean Dufay’s values are about 1-28 times, and those of Bauer, Danjon 
and Langevin about 1-49 times the values obtained by us. It appears that 
both these workers had not used any colour filters in their experiments while 
we used a green filter VG, (Schott and Genossen) which transmits only wave- 
lengths between 4800 to 6000 A. 

To make a comparison of the absolute brightness of the night sky observed 
in India with those obtained in higher latitudes, it is proposed to continue 
these measurements of the twilight intensity further using the auroral filter. 
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Introduction 


IN a previous paper I explained that atmospheric activity curves show 
certain distinctive features during the period of the S.W. (or summer) Mon- 
soon. It was also shown that with the aid of these curves, the formation of a 
meteorological depression in the Bay of Bengal, its movement inland, and 
finally its weakening and disappearance could be followed. The curves 
further show that with the withdrawal of the monsoon, heat thunderstorms 

which occur mainly in the afternoons become more pronounced. 


During the year 1941, the S.W. Monsoon withdrew from the country 
by about the end of September and the N.E. Monsoon later established itself. 
The present paper discusses with the aid of data collected in 1941, the charac- 
teristics of atmospheric activity of the period (1) between the withdrawal of 
the S.W. Monsoon and the setting in of the N.E. Monsoon and (2) during the 
period of the N.E. (or winter) Monsoon. 


(1) Atmospherics during the period of transition 

As typical instances of the atmospheric activity of this period, the atmo- 
spheric activity curves from the Ist to the 5th October 1941, will be considered 
in relation to the weather charts of the same period. 

The atmospheric activity curves are given in Fig. 1. The peaks of activity 
in the figure may be divided into two groups, (i) peaks K, L and 
M of early morning activity and (ii) peaks A, B and C of atmospheric 
activity in the evening and early night. These two groups will be discussed 
separately. , 
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1-10-1941 
2-10-1941 


2-10-1941 
3-10-1941 


ot 
°o 
o 


4-10-1941 


3-10-1941 


a 


Q 
24 4 8 


Fic. 1. Atmospheric Activity curves relating to the period of transition 
from the Summer to the Winter Monsoon 


12 


2(c). 4-10-1941. At 8 hours. 
Fics. 2a. 2b and 2c. Weather charts relating to the period of transition 
from the Summer to the Winter Monsoon 


@ Indicates places from which thunderstorms have been reported during the previous 
24 hours. 


® Indicates the position of the University Laboratories at Annamalainagar. 
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Peaks K, L and M.—The weather charts relating to this period are given 
in Fig. 2. Figs. 2a, 2b and 2c show the distribution of isobars at 8 hours on 
the 2nd, 3rd and 4th October respectively. On the 2nd a depression 
appeared in the Bay of Bengal close to the coast. By the morning of the 3rd 
this region of low pressure became diffuse. By the 4th this became more 
diffuse and unimportant. 


It was pointed out (1943) in a previous paper that the formation of low 
pressure regions on the sea is associated with observed atmospheric activity 
in the early mornings. The peak K on the morning of the 2nd may theréfore 
be associated with the low pressure region in the Bay of Bengal in Fig. 2b. 
We notice further that as the low pressure region in the Bay of Bengal becomes 
more and more diffuse the atmospheric activity represented by L and M 
decreases. Thus the occurrence and variation of early morning activity 
represented by peaks K, L and M can without doubt be ascribed to the low 
pressure region in the Bay of Bengal. 


Peaks A, Band C.—Taking next the atmospheric activity in the early night, 
it must be remembered that during the period of the summer monsoon, large 
peaks of activity appeared in the early night only when a depression which 
had formed in the Bay of Bengal crossed the coast and moved inland. The 
peaks A, B and C resemble peaks of activity which accompanied the movement 
inland of the depression. In the present case, however, as is evident from 
the weather reports in Fig. 2, the depression that formed in the Bay of Bengal 
on the 2nd remained practically in its original position and became unimpor- 
tant by the 4th. The peaks of atmospheric activity A, B and C cannot there- 
fore be attributed to the effect of this depression. 


Fig. 2 further shows that during the period between the Ist and 4th Octo- 
ber, a diffuse low pressure area moved across the peninsula from east to west. 
It was over the peninsula on the 2nd and was off the west coast of India on 
the 4th. This ‘low’ over the peninsula became regularly intensified in the 
afternoon as can be seen from an examination of the weather charts giving 
the distribution of isobars at 17 hours on these days. (The charts showing 
this distribution are not reproduced.) This intensification of the ‘Low’ 
over the peninsula in the afternoons which is a regular feature of the pressure 
distribution in the non-monsoon months brings about conditions favourable 
for thunderstorm activity and for the generation of atmospherics associated 
with such activity. The peaks A, B and C are the effects of this intensifica- 
tion of the low over the peninsula. 


The differences in the appearances of the peaks A, B and C may be 
explained by a detailed study of the thunderstorm activity of the period. 
Ala 
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The regions from which thunderstorm activity is reported in the daily weather 
reports on these days are indicated by black dots on the weather charts. 
These reports of the thunderstorm activity refer to the previous twenty-four 
hours and do not give any indication of the time of the day at which these 
thunderstorms were active. But a study of a large number of atmospheric 
activity curves along with the related reports of thunderstorms has shown 
that there is a greater probability of thunderstorm activity along the coast 
line, occurring in the later part of the night, specially when a low pressure 
region exists on the sea and close to the coast. It would in this connection 
be extremely useful to analyse the actual times of occurrence of thunderstorms. 
This could not however be carried out for want of necessary data. 


It was pointed out in an earlier paper (1943) that if thunderstorms are 
reported from a large number of areas, it is very unlikely that all these centres 
are active at the same time. The activity at one centre may be on the decline 
while that at another is reaching a maximum. Thus data on atmospherics 
collected from one observing station which cannot distinguish between atmo- 
spherics coming from various centres, is likely to show certain characteristic 
features. If only one narrow region is affected there will be a definite rate 
of increase of atmospheric activity, which will reach a maximum terminating 
in a peak, and after which there will be a regular decline resulting finally in 
zero activity. The atmospheric activity curve may therefore be expected to give 
a sharp well-defined peak of activity, the rise and decline of activity being very 
steep. If during a certain period, a large number of centres are active, assuming 
that the maximum activities at every centre do not necessarily coincide in 
time, the atmospheric activity curves will show large activity for a considerable 
time and well-defined peaks are not likely to be observed. 


The low pressure areas on the evenings of the 1st and 2nd are concentrat- 
ed into a narrow region while that on the 3rd is over a very large region. The 
areas from which thunderstorm activity is reported lie on the outskirts of the 
region of low pressure. It is no wonder therefore, that atmospheric activity 
in the evenings and early night shows sharp peaks like A and B as on the Ist 
and 2nd, while on the 3rd atmospheric activity at a large value continued 
from 18 to 24 hours and there are three peaks instead of one. 


Thus during the period of transition large peaks of activity are observed 
in the evenings and the early night. This activity is governed mainly by the 
low pressure regions which develop in the centre of the peninsula and intensify 
by the evening each day during this period. Atmospheric activity in the later 
part of the night is on a small scale. 
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(2) Atmospherics during the period of the Winter Monsoon 


Several observers have noticed that atmospheric activity during the win- 
ter months is on a much smaller scale than in the warmer months. One 
of the earliest of these is Jackson (1902) who noticed that Atmospherics are 
more frequent in summer and autumn than in winter and spring. Later, 
Wolf (1922) found that while during the warm half year atmospherics deve- 
loped on the appearance of a new depression and disappeared on its filling 
up, no such relation could be noticed in winter. He says that even thunder- 
storms failed to give a notable increase in Atmospheric disturbance in winter. 
Watt (Nature, Vol. 127) found that the predominant source of the world’s 
supply of Atmospherics lies in a region of summer afternoon. 


These statements are based on observations in temperate climates. The 
present paper deals with observations recorded at Annamalainagar, from 
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Fics. 3a, 3b and 3c. Weather charts relating to the period 7th to 10th August 1941 
during the Summer Monsoon 
© Indicates places from which rainfall is reported, the amount of rainfall during the previous 


24 hours being indicated by the numbers inside the circles. 
@ Indicates places from which thunderstorms during the previous 24 hours have been reported. 
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October to December 1941 during the period of the winter monsoon. A 
study of atmospheric activity during this period shows no regular features 
of the type found in the period of the summer monsoon, and described by 
me in an earlier paper. I propose to discuss in this paper the probable 
causes for the striking difference noticed in the behaviour of Atmospherics 
during the two periods. 


Two sets of weather charts, taken from the Indian Daily Weather Re- 
ports, are redrawn in Figs. 3 and 4. The first set refers to the period 7th-10th 


4(c). 7-10-1941. At 8 hours. 
Fics. 4a, 4b and 4c. The weather charts relating to the period 3rd to 8th October 1941 
during the Winter Monsoon 
Q Indicates places from which rainfall is reported, the amount of rainfall during the 
previous 24 hours being indicated by numbers inside the circles. 
@ Indicates places from which thunderstorms during the previous 24 hours have been 
reported. 
* Indicates areas where thunderstorm activity attributable to the depression in the Bay of 
Bengal has occurred. 


August 1941, during the summer monsoon and the other to the period 3rd—8th 
October 1941, the beginning of the North East Monsoon. 
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On these charts the circles indicate the regions from which rainfall is 
reported, during the previous 24 hours, the actual amount of rainfall being 
indicated by the numbers inside the circles. According to the convention 
followed in the mapping out of these charts rain less than -09” is neglected. 
A blank circle indicates rainfall between -10"— -17’. 


See PouctOl res. 
=" -38" to “877; 
— +68" to -87"; 


= 955" to 1324": 
= 1-25" to'1*74"5 
Po ol Caf Se eee a Da 
3 — 2-51” to 3-49”, etc. 

Weather charts in Figs. 3 and 4.—The charts refer to two similar. cyclonic 
storms, one during the S.W. Monsoon and the other during the N.E. Monsoon. 
In their wake they brought considerable rain to the regions affected, viz., 
Bengal and Orissa in the first case and S.E. Madras in the second case. In 
this respect therefore the two cyclonic storms are very similar. 


— 
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Thunderstorm activity during these periods—If we compare the thun- 
derstorm activities during these periods we find a striking contrast. Areas 
from which thunderstorms are reported during the previous 24 hours are 
indicated by black dots in the weather charts. It is evident from Figs. 3a 
and 35, that the deepening of the depression into a cyclonic storm is 
followed by increased thunderstorm activity. Thunderstorms are reported 
from a large number of areas and their positions give an indication of the 
probable direction of travel of the cyclone. In Fig. 3c, we find that as the 
depression slowly fills up thunderstorm activity is again on the decrease. 


It will be clear from the above that thunderstorm activity increases with 
the deepening of the depression. The position of the areas of thunderstorm 
activity is mainly governed by the region of low pressure and the activity 
becomes feeble as the low pressure region fills up. 


In Fig. 4a, we notice thunderstorm activity at certain places in the Penin- 
sula, a large number of areas to the N.W., a few in the south of the Peninsula 
and a few along the east coast. From Fig. 4b, we find that the depression 
moved nearer the coast line. In striking contrast to what was noticed in the 
‘set of charts given in Fig. 3, we find that with the approach of the depres- 
‘sion towards land thunderstorm activity is reported from fewer areas and is 
hence on the decline. In Fig. 4c, we find that the intensification of the 
depression into a cyclonic storm close to the coast between Masulipatam 
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and Cocanada caused widespread heavy rain along the Madras coast and the 
adjoining districts but no thunderstorms occurred in any of these areas. 


Thus we find that thunderstorm activity which increases during the 
summer monsoon with the intensification of a depression, disappears under 
similar conditions during the winter monsoon. As most atmospherics 
orginate in areas of thunderstorm activity, it is no wonder that atmospheric 
activity during the period of the summar monsoon shows certain regularities, 
increasing activity being associated with the formation and accentuation of a 
depression and its decreasing activity with the movement and disappearance 
of the low pressure region. In the period of the winter monsoon these 
features are not noticed. 


In this connection one other point may also be mentioned. In Fig. 
4a the presence of a large number of thunderstorm areas might create an 
impression that thunderstorm activity is very much greater and further that 
all these might be due to the effect of the depression formed in the Bay 
of Bengal. A study of the weather charts for the previous two days, i.e., 
3rd and 4th, helps us to determine the true effect of the depression in the 
Bay of Bengal. 


On the 2nd October a depression in the Bay was accompanied by a region 
of low pressure in the central region of the Peninsula. The chart for this day 
is given aS Fig. 2b and thunderstorms were reported from areas lying on the 
coast line on either side of the land depression. 


Judging from the way in which the areas of thunderstorm activity appear 
and disappear during the three days, 2nd, 3rd and 4th October, it 
appears as though the activity in the N.W. region of the Peninsula may be 
attributed to the depression on land noticed on the 4th and to the depression 
in the Arabian Sea (Fig. 2c). We are thus left with a few areas only, areas 
which showed no variation with the appearance or disappearance of the 
depression in the Arabian sca, or the depression on land. These areas are 
indicated in the figure thus§€. It will thus be evident that even when thun- 
derstorm activity is reported and atmospherics are recorded at the observing 
station, they arise only from small isolated areas and that the total 
atmospheric activity itself is small. 


One example may be given to show how small the atmospheric activity 
is when it cxists. A deep depression formed in the Bay of Bengal on the 30th 
of November intensified into a cyclonic deprcssion on the Ist December, 
became severe and passed inland by the night of the 2nd. Later this moved 
right across the Peninsula and entered into the Arabian Sea by the 4th and 
became unimportant by the 6th. 
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This particular example is of special interest as the cyclonic storm passed 
almost over the observing station. If there had been atmospheric activity 
of the intensity usually met with in the summer monsoon period, no record 
could have been obtained, as the recording equipment would have been upset 
on account of the powerful impulses given to the galvanometer. Although a 
few atmospherics were actually recorded during this period, the atmospheric 
activity must be judged as being of negligible amount, the little activity that was 
observed being attributable to very feeble isolated lightning flashes possibly 
occurring far above the monsoon clouds, invisible from the ground and un- 
accompanied by thunder. As the convention in the Indian Meteorological 
Department is that thunderstorm should be repoited only when thunder is 
heard with or without precipitation, the Weather Reports do not mention any 
thunderstorm during this period. 


Discussion 


As stated already during the period of the Summer monsoon thunder- 
storm activity and the associated Atmospheric activity are on a large scale, 
while during the Winter monsoon they are of negligible amount. It was also 
pointed out that atmospheric activity is intimately connected with meteorologi- 
cal depressions, and that the study of the variation of Atmospheric activity 
from hour to hour and day to day enables us to follow the various stages in 
the formation, accentuation, movement inland and the subsequent filling 
up of the meteorological depressions that originate in the Bay of Bengal dur- 
ing this period. 

It may be considered surprising that there is only a small amount of thun- 
derstorm and Atmospheric activity during the period of the winter monsoon. 
Further, as has been already pointed out, the little Atmospheric activity that 
does exist, becomes feeble on the intensification of a depression. 


Brunt (1934) considers the greater frequency and intensity of the 
meteorological depressions in Europe in winter as due to the larger differences 
of temperature between the pole and the equator in winter than in summer. 
The reason for the fecble thunderstorm activity during this period may be 
understood from a discussion of the various features involved in the formation 
of depressions and the generation of thunderstorm and the associated Atmo- 
spheric activity. , 

The most important of these factors is Solar Radiation. The effect of the 
sun in bringing about conditions favourable for the display of energy automa- 
tically in the atmosphere in the form of a thunderstorm is described by Napier 
Shaw and Captain Douglas. According to Napier Shaw (1930) the first con- 
dition to be satisfied is the existence of a state of liability in the atmosphere 
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caused by the establishment of a thick layer in convective equilibrium. Ano- 
ther condition is the provision at the right moment, of a sufficient quantity. 
of air saturated with water vapour. Both these conditions are governed by 
the effect of Solar Radiation. 


Convection on a large scale in air of a high degree of humidity is essential 
for the production of towering cumulus clouds whose base, according to 
Captain Douglas (1923) is usually between 5,000 to 6,000 feet, in severe thunder- 
storms, and whose tops attain 20,000 feet in summer and 15,000 feet in winter. 
Captain Douglas also states that the existence of at least one damp layer 
as low as 6,000 feet appears to be a necessary condition for the development 
of thunderstorms. 


The electrification of thunderclouds is explained by the well-known theo- 
ries ot Wilson and Simpson. The mechanism suggested by Wilson as the 
cause of opposite charges on large and small drops inside a thundercloud 
depends upon the presence in the cloud of a number of slow ions. In the 
earlier stages of development of a thundercloud these may arise from natural 
sources, but later on they wil] be supplied in numerous numbers by brush 
discharges from water drops (Macky, 1933) drawn out by the field into pointed 
forms (Schonland, 1932). According to Simpson (1927) the generation of 
electricity is a consequence of the disruption of rain drops when caught in. 
a vigorous convection current. A water drop with a radius of more than 
0:25 cm. becomes flattened out and unstable when it falls through the air 
with the result that it breaks up into a number of smaller drops. Since the 
terminal velocity of a falling drop with a radius of 0-25 cm. is 8 metres per 
second, it follows that no drop of water can ever fall downward through an 
ascending current of air whose vertical velocity exceeds 8 metres per second. 


Formation of a meteorological depression;s—Convection again plays an 
important part in the formation of depressions. The formation of a depres- 
sion involves the removal of large amounts of air for the fall of pressure. 
All theories put forward for explaining the formation of a depression 
are based on the existence of horizontal differences of temperature and the 
displacement of warm air by cold air. According to Brunt (1934) the most 
obvious method of removal of air is by means of a convection current, pro- 
duced. by inequalities of temperature, or water vapour content or by the effect 
of surface discontinuity. Ifwarm damp air is set in motion by its buoyancy the 
continuance of the upward motion as an effect of the condensation of 
moisture is easily understood. Such an ascending current has a scouring 
oe on the environment, the process being aptly described as ‘eviction 
of air’. 
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It is thus seen from the above that vigorous convection plays a most 
important role in the formation of cumulus clouds, in the generation of elec- 
trical charges in thunderclouds and also in the formation of depressions. 
Convection is dependent on Solar Radiation and therefore it would be instruc- 
tive to consider how these effects are modified by the varying amounts 
of solar radiation received at various parts of the globe and at the various 
seasons. 


It is well known that thundeistorms are more frequent and more violent 
in the tropics. Simpson (1927) attributes this in the first place, to the larger 
water vapour content of the air in the tropics which provides the greater 
energy for driving the currents upwards to much greater heights. Secondly, 
the height at which the freezing point is reached is much greater and finally 
the stratosphere is so much higher that there is more vertical room in which 
the thunderstorms can develop. By an extension of the same argument, 
the cause of the smaller thunderstorm activity during the period of the winter 
monsoon as compared with that of the summer monsoon may be traced to 
the lower temperatures during the former period. 


There seems to be no doubt that convection is quite vigorous during the 
period of the winter monsoon. Napier Shaw (1930) points out that rainfall 
is the best index of convection and that the absence of rainfall is equally good 
evidence of the absence of any persistent ascending current. The large 
amount of rainfall that occurs on the outskirts of the depressions formed 
during the period of the monsoon, in the Bay of Bengal, is sufficient evidence 
of the existence of convection on a large scale. But there is no thunderstorm 
activity in spite of the large convection. 


Brunt (1934) points out that in addition to the mechanism that gives rise 
to vertical convection in any region where a lowering of pressure is taking 
place, there must be present some mechanism for removing the air that has 
ascended. Otherwise this vertical motion cannot continue for any length of 
time. The simplest mechanism that may be thought of is an upper current 
whose direction differs from that of the current in the lower troposphere. 
Brunt takes the outward motion of cirrus clouds from the centre of a 
cyclonic system as evidence of the existence of sucha current. In the 
absence of some means of removal of the evicted air a thunderstorm is a 
more likely occurrence than a cyclonic system. The absence of thunderstorm 
activity during the winter monsoon period even when vigorous convection is 
taking place may probably be due to the causes enumerated above. 


Finally there is also the conductivity of the atmosphere. Considering 
the smaller space, in which thunderstorms during the winter may develop, 
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the intensity of the depressions formed during the period and the large 
amount of rainfall accompanying the formation of cyclonic systems, it may 
be expected that the conductivity of the atmosphere may rise to large amounts 
and give rise to leakage effects. Schonland (1932) from a study of the 
recovery curves of a thundercloud after a discharge showed that the electrical 
energy generated by the storm is only partially employed in the feeding of the 
flashes. At the moment just before the discharge most of the power of the 
machine is expended in overcoming various leakage effects. If the conducti- 
vity of the atmosphere becomes very large, it may happen that the poten- 
tial of the thunderclouds may never reach the sparking value. 


A review of recent work on Atmospherics in Nature (1936) states that 
it is now generally agreed that the majority of atmospherics encountered in 
Radio Communication originate in lightning flashes. When the storm is 
close to the receiver it is possible to identify the stronger atmospherics with 
the neighbouring flashes. It is therefore quite easy to understand that if the 
potential of the thunderclouds does not attain the sparking value no lightning 
flashes can occur and hence the amount of Atmospheric activity must be very 
small indeed. 


Some observations on the variation of Atmospheric activity with preci- 
pitation and conductivity lend support to the above view. Wiedenhoff 
(1921) found that atmospheric activity was at a minimum with maximum 
conductivity at a moderate height with overcast sky, with maximum relative 
humidity and minimum temperature. Rothe (1921) found that atmospherics 
produced by storm clouds cease as soon as uniform rain starts. 


Thus the striking difference in the variation of Atmospheric activity in the 
periods of the Summer and the Winter Monsoon may be traced to (i) the lower 
temperature, (ii) the smaller height available for the development of thunder- 
storm activity, (iii) the operation of a mechanism by which the ascending 
current of air is removed by means of an upper air current and (iv) the larger 
leakage effects that are likely to prevent the charges in the cloud building 
up to the sparking value. 

Summary 


The paper discusses the characteristics of Atmospheric Activity during 
(i) the period of transition from the South West (or the summer) monsoon to 
the North East (or the Winter) monsoon, and (ii) the North East (or 
the Winter) monsoon. 


During the period of transition large peaks of activity are observed in 
the evenings and the early night. This activity appears to be governed mainly 
by the pressure regions which develop in the centre of the Peninsula by 
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the evening each day during this period. Activity in the later part of the 
night is on a small scale. 


It was pointed out in a previous paper that during the summer monsoon, 
unsettled conditions in the Bay of Bengal give rise to continuous Atmospheric 
Activity throughout the night; the formation of a depression is accompanied 
by large atmospheric activity in the early mornings; the movement of the 
depression inland by an increase in early night activity and the disappearance 
of early morning activity. It was further shown that the various stages in the 
formation, movement inland and finally the filling up of the depression could 
be followed with the aid of the Atmospheric Activity curves. 


During the period of the North East Monsoon, however, there is a strik- 
ing contrast. With the setting in of the monsoon the atmospheric activity 
becomes very feeble. Further, the little activity that does occasionally exist 
disappears on the accentuation of depressions that are formed in the Bay of 
Bengal and the Arabian Sea during this period. 


In the later part of the paper the probable causes for this difference in 
behaviour are discussed. It is suggested that this difference in behaviour 
may be due to (i) the lower temperatures, (ii) the smaller height available for 
the development of thunderstorm activity, (111) the operation of a mechanism 
by which the ascending current of air is removed by an upper air current, and 
(iv) the larger leakage effects that are likely to prevent the charges in the 
cloud from building up to the sparking value. 

In conclusion I have much pleasure in expressing my thanks to Dr. S. 
Ramachadra Rao, p.sc. (London), Professor of Physics, for valuable guidance 
and helpful criticism. 
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Tue seeds of Carica papaya ate said to possess powerful anthelmintic 
and emmenagogue properties. In order to verify these claims and other 
medicinal properties claimed for the seeds, a pharmacological study of the 
seeds was undertaken and as a part of the work the chemical analysis of seeds 
was first carried out. 

Reference to previous work on the subject showed that Greshoff? had 
isolated mainly from the leaves (and is also stated to have obtained from the 
fruit and seeds) of Carica papaya Linn., the alkaloid Carpaine, m.p. 121°. We 
have, however, isolated from the sceds a crystalline substance, melting at 165°. 
In a preliminary note® on the substance it was provisionally named ‘Carpase- 
mine’ because of its alkaloidal character, such as the presence of nitrogen 
in the molecule and positive results. for tests with reagents for alkaloids. 

A careful examination of the constituent elements in the substance 
showed that it contained sulphur (instead of O, as was assumed in our pre- 
vious note) together with carbon, hydrogen and nitrogen. The results of the 
ultimate analysis of the substance as well as those of its molecular weight 
determination by cryoscopic method, indicated the molecular formula to be 
CsH,oN,2S, for the substance. The substance gave an acetyl derivative, m.p. 
131° and also formed a methiodide compound, m.p. 103°. However, it did 
not form salts with the common acids. On boiling the substance, in-p7l6s2 
with sodium hydroxide, an “ oil” (A) and a product (B), m.p. 148-9° (in low 
yield), were obtained. Evolution of ammonia was noticed during the 
reaction. The “oil” (A) formed a hydrochloride, m.p. 245-6°. While the 
product (B) formed an acetyl derivative, m.p. 130° and was not found to 
contain sulphur. On oxidation, the product (B) yielded a compound, m.p. 
205-7°, which is under investigation. During the oxidation a distinct smell 
of benzaldehyde was noticed. Direct oxidation of the original substance, 
m.p. 165°, however yielded benzoic acid. 

The oxidation results indicated that the substance, m.p. 165°, contained 
a benzene ring with a side chain. Evolution of ammonia on boiling with 
sodium hydroxide, suggested it to be a substituted ammonia derivative 
Mee could also form acetyl and methiodide compounds. While its weak 
1 
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basic character together with the fact that it contained sulphur indicated it 
to be a phenyl derivative having probably as its side chain a heterocyclic ring 
containing S and N or a thiourea residue. 

On referring to the literature, it was found that benzylthiourea (or 
benzylthiocarbamide) possessed properties similar to those enumerated 
for the substance, m.p. 165°. In order to confirm this assumption, a direct 
comparison of the natural product and synthetic benzylthiourea was considered 
nesessary. The synthetic benzylthiourea was prepared by the scheme 
indicated below :— 
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The mixed melting point of the product, m.p. 165° isolated from the papaya 
seeds with the synthetic benzylthiourea (Salkowski)* showed no depression 
and thus established the identity of the former with the latter. The identity 
was further confirmed by the mixed melting point of their acetyl derivatives. 
It is known that substituted thioureas when boiled with aqueous alkali 
decompose into a substituted amine, carbon dioxide, hydrogen-sulphide and 
ammonia. In view of this fact, the “‘ oil’ (A) obtained on boiling the sub- 
stance, m.p. 165° with alkali, was suspected to be benzylamine. The surmise 
proved to be correct as the mixed melting point determination of the 
hydrochloride of (A) and the hydrochloride of benzylamine showed no 
lowering. The other product (B) obtained on boiling the substance m.p. 
165° with alkali, appeared from its properties to be benzylurea (or benzylcar- 
bamide). It was subsequently identified to be benzylurea by a mixed melting 
point with synthetic benzylurea (Paterno and Spica). The action of 20% 
aqueous sodium hydroxide solution on benzylthiourea may, on the basis 
of the results obtained above, be representated as follows :— 


ace ea CaNH, NaOH + H20 OM LM COONE: 
YY Ee 
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—>. CH2'NH, +CO,+NH3; 


The course of the reaction also explains the low yield of the intermediate 
product, benzylurea, in view of the possibility of its further hydrolysis into 
benzylamine, carbon dioxide and ammonia. 
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The pharmacological study of benzylthiourea or * carpasemine’ iS in 
progress and the results of the investigation will be published elsewhere in due 
course. 

Experimental 

Isolation of the substance, m.p. 165°, from Carica papaya Seeds.—Dried 
papaya seed powder (100 gm.) was digested in Prollius’s fluid (approx. 550 
c.c.) with occasional shaking during forty-eight hours. The liquor was then 
filtered off and the seed powder discarded. The filtrate was allowed to evapo- 
rate at the room temperature, when an oil together with some solid was 
obtained as a residue. The solid after separation from the oil was crystallised 
from boiling water. The repeated crystallisations of the solid resulted in 
the formation of beautiful bunches of colourless crystals, m.p. 165°, yield 
0-35% of the seed powder. It may be mentioned here, that the yield of the 
substance was seriously hampered when the seeds were powdered long before 
the extraction. Analysis (Found: C, 57:95, H, 6°44, N, 16-3, S-19-3%, 
C,H, NS réquires C, 57-8, Hy, 6-0, N,16-9,.S, 19-37)" The molecoian 
weight of the substance (determined by the cryoscopic method, using nitro- 
benzene as solvent) was found to be 163 which indicated the molecular formula 
C,H, N.S for the substance. The substance is bitter to taste. It is insoluble 
in cold water, petroleum ether and benzene but fairly soluble in alcohol and 
acetone. A mixed melting point of the substance with benzylthiourea 
(Salkowski, m.p. 164°) showed no depression. 


Acetyl derivative of the product, m.p. 165°—was prepared with sodium 
acetate and acetic anhydride as usual. The acetate crystallised from 40% 
alcohol into prisms, m.p. 131°. Analysis (Found: N, 13:2%; C,)H,,N,OS 
requires N, 13-46%). The mixed melting point of this acetate with the 
acetate of benzylthiourea (Werner,® m.p. 129-30°) showed no depression. 

Methiodide of the product, m.p. 165°.—Equimolecular quantities of 
methyliodide and the product, m.p. 165°, were added to methyl alcohol 
and refluxed on a water-bath for four hours. Alcohol was then distilled off 
and a sticky residue was obtained. The residue, which solidified on keeping 
was crystallised from benzene into fine hexagonal crystals, m.p. 103-5°. 
Analysis (Found: N, 9-1%, CyHysN,SI requires N, 9-0%). The product 
was fairly soluble in water. 

Oxidation of the product, m.p. 165°.—0:5 Gm. of the product, m pr 165" 
was dissolved in warm water and (30 c.c) of potassium permanganate solu- 
tion (2/4) was added to it in dropwise manner. After the reaction was over 
the manganese dioxide precipitate was filtered off. The excess of potassium 
permanganate in the filtrate was then destroyed with a few drops of alcohol 
and manganese dioxide precipitate again filtered. The resulting clear filtrate 
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on cooling was extracted with ether, which on dehydration with anhydrous 
sodium sulphate followed by evaporation yielded a solid, m.p. 120°. It was 
identified as benzoic acid. 


The action of alkali on the product, m.p. 165°.—0:5 Gm. of the product, 
m.p. 165°, was refluxed with 20% aqueous sodium hydroxide solution (75 c.c.) 
for four hours. During the reaction a distinct smell of ammonia was percep- 
tible. The alkaline reaction mixture on cooling, was extracted with ether. 
Dehydration of the ethereal layer with anhydrous calcium chloride followed by 
evaporation gave a crystalline solid and an oil. The solid was separated from 
the oil and crystallised from benzene into light lustrous needles, m.p. 148-9°, 
Yield 7%. Analysis (Found: C, 64:52; H, 6:75; N, 18-57%; C,H,,N,O 
requires C, 64-00, H, 6:4, N, 18-66%). A mixed melting point of the 
product, m.p. 148-9°, with benzylcarbamide (Paterno and Spica,> m.p. 147°) 
prepared from benzylamine and potassium cyanate showed no depression. 

Acetate of the product, m.p. 148-9°—was prepared with sodium acetate 
and acetic anhydride as usual. The acetate was crystallised from boiling 
water and was found to melt at 130°. Analysis (Found: C, 62:95, H, 6-42, 
N, 14°55%; Ci )Hi20.N. requires C, 63:0, H, 6:25, N, 14-6%). 

Oxidation of the product, m.p. 148-9°.—0:225 Gm. of the product m.p. 
148-9°, was dissolved in warm water and 15 c.c. of potassium permanganate 
solution (2%) was added to it in a dropwise manner. During oxidation bit- 
ter almond-oil-like smell was noted. After the reaction was complete, the 
manganese dioxide precipitate was filtered off. The excess of potassium 
permanganate in the filtrate was destroyed with a few drops of alcohol and the 
precipitate of the manganese dioxide again filtered off. The resulting clear 
filtrate was concentrated on a water bath and on cooling, deposited beautiful 
hexagonal crystals, m.p. 205-7°. The product is under further investigation. 

Hydrochloride of the oil obtained in the alkali boiling of the product, m.p. 
165°.—A few drops of the oil were treated with conc. hydrochloric acid when 
a solid was thrown down immediately. The solid crystallised from alcohol 
into thin rectangular plates melting at 245-6°. The hydrochloride did not 
show any lowering in the melting point when admixed with benzylamine 
hydrochloride (Curtius and Lederer,’ m.p. 246°). 

Synthesis of Benzylthiourea.—To a warm Solution of sodium cyanide 
(52 gms.) in water (45 c.c.) was slowly added benzyl chloride (103 gm.) diluted 
with equal volume of alcohol. The reaction was completed by heating on a 
water-bath for three hours. Sodium chloride was removed by filtration and 
alcohol distilled off from the filtrate. Benzyl cyanide separated as an oil from 
the residual aqueous portion and purified by distillation under reduced 
pressure 10 mm. had a b.p. 115-20°. (Cannizzaro,® b.p. 115-20°.) Yield 
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80 gm. benzyl cyanide (10 gm.) prepared as above was mixed and shaken 
with sulphuric acid (15 gms. D. 1-82) care being taken that the temperature 
is not raised above 65-70°. After the heat of the reaction was over, the mass 
was poured in water. The resulting precipitate of phenylacetamide was 
purified by treatment with sodium bicarbonate solution, followed by wash- 
ing with water and crystallisation from hot water, m.p. 155° (Purgotti,® m.p. 
155-6°). To 135 gm. of phenyl acetamide (1/10 mol.) prepared as above 
was added bromine (8-0 gm. 1/10 mol.) dissolved in 4 molecular proportions 
of potassium hydroxide in 16 parts of water. The solution was heated rapidly 
and as soon as a Clear solution was formed, it was distilled off to obtain 
benzylamine as an oil in the distilate, b.p. 185° (Hoogewerff and van Dorp,” 
b.p. 185°). The benzylamine by treatment with hydrochloric acid was 
converted into its hydrochloride, m.p. 245° (Curtius,’ m.p. 246°). The hydro- 
chloride on heating with equimolecular quantity of potassium sulphocyanide 
at a temperature of 120° for fourteen hours, yielded a brownish residue which 
after washing with cold water, was crystallised from boiling water into colour- 
less needles. The benzylthiourea melted at 164° (Salkowski,* m.p. 164°). 
Yield 80%. 
Summary 


From the seeds of Carica pappya a substance, m.p. 165° (CgH,)N.S) 
has been isolated for the first time and named ‘ Carpasemine’ to indicate . 
its source. The chemical properties of ‘ Carpasemine’ together with its 
degradation products have been studied and some new derivatives have been 
prepared from it. ‘Carpasemine’ has been identified to be benzylthiourea 
or benzylthiocarbamide by mixed melting point with the synthetically prepared 


benzylthiourea. The identity has also been confirmed through the mixed 
melting point of their derivatives. 


The present investigation forms a part of the Indigenous Drugs Inquiry 
financed by the Indian Research Fund Association, to which our thanks 
are due. 
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Calotropis gigantea is a shrub common in the eastern and southern parts of 
India, Ceylon and Eastern Asia. The milky juice obtained from it is used for 
medicinal and insecticidal purposes and frequent cases of criminal poisoning by 
its means are known. The possibilities of obtaining a guttapercha-like solid 
from this latex have also been considered in the past. Its chemical com- 
position was first investigated by Basu and Nath! who employed the dried 
latex. From the unsaponifiable portion of the ether-soluble matter they 
isolated, after repeated purification, a product which was considered by them 
to be a sterol of the formula C,g,H,,0. It was named calosterol. They, 
however, noted that this substance did not torm a precipitate with digitonin 
and in most of its reactions differed from ordinary sterols. As part of their 
investigations on African arrow poisons G. Hesse and co-workers? examined 
the mixed latex obtained from Calotropis procera and Calotropis gigantea. 
From the alcohol-soluble portion were obtained usharin, calotoxin and 
calactin which belong to the group of cardiac poisons. 


* Considerable quantities of the latex can be collected easily and the mate- 
rial is best preserved by adding a little chloroform. Some amount of preli- 
minary investigation had to be done in order to work out the most suitable 
method of separating the components. The procedure adopted by Basu and 
Nath of drying the whole material so as to obtain a solid does not seem to be 
satisfactory, since it leads to undesirable decompositions and the separation 
of the various components from the resulting product is also difficult. 
Coagulation by simple heating or by treatment with acids with a view to 
separate fractions is better, but stiJl not adequate. The most satisfactory 
procedure is to add enough alcohol to produce a filterable precipitate and a 
clear filtrate, and it renders the separation of the various components more 
easy. The soft coagulum (I) and the aqueous alcoholic solution (II) were 
separately examined. 


* At present working in the Laboratories of the Board of Scientific and Industrial Research, 


Delhi. 
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The coagulum (I) was repeatedly extracted with boiling alcohol and sub- 
sequently with ether. It was finally separated into a sticky solid (I a), which 
was difficultly soluble in ordinary solvents and which is still under 
investigation and a portion easily soluble in ether (Ib). The above sepa- 
ration rendered the study of the ether-soluble fraction more easy. This 
was a crystalline solid melting between 120° and 170°. With a view to 
understand the nature of the components present, colour reactions were 
carried out using several reagents. The most characteristics reactions 
were a deep pink colour with the Liebermann-Burchard reagent and a 
yellow solution with the Salkowski reagent and these indicated the 
presence of triterpene compounds. With a view to obtain some infor- 
mation about the exact condition in which these compounds occur and 
if possible to obtain a pure substance repeated crystallisation was carried 
out. A small amount of a fraction melting at 248-50° (solid A) could 
be isolated; it will be described later on. The remaining portion was, 
therefore, subjected to saponification and the unsaponifiable matter and 
the fatty acids analysed separately. 


The unsaponifiable matter was a pale yellow solid and consisted mostly 
of resinols. It was divided into two fractions using solubility in alcohol: 
less soluble (B) and more soluble (C). Since no definite entity could be 
obtained from them by adopting methods of crystallisation, they were indepen- 
dently subjected to acetylation and benzoylation and these esters were subse- 
quently subjected to fractional crystallisation. Such a procedure has yielded 
very good results in the hands of Heilbron and co-workers in similar cases. 
The existence of a- and f-amyrins and of lupeol in the waxy portion of 
Decalepis Hamiltonii and Hemidesmus indicus could be established by adopting 
this technique.* By the acetylation of (B) and crystallisation of the mixed 
acetates using ethyl acetate a definite compound melting at 250--51° could be 
obtained as the major product. Its sparing solubility was noteworthy ; 
its crystal structure (elongated hexagonal plates) was very characteristic and 
was very sensitive to the presence of impurities; [a]??°, + 98-0° in benzene 
solution. With Liebermann-Burchard reagent it produced a pink solution 
which deepened slowly to purple. The colour faded very slowly and after 
several hours it appeared to be pale blue and eventually turned yellowish 
brown. With Salkowski’s reagent it produced a yellow solution exhibiting 
powerful green fluorescence. These colour reactions seemed to be individual 
characteristics of the substance and also indicated that it belongs to the tri- 
terpene group. This surmise was supported by the results of combustion 
analysis which corresponded to the formula, C;,H,.0, and by a molecular 
weight determination. The latter value was obtained by employing the 
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saponification equivalent, since it could not be correctly obtained by the 
camphor method of Rast. Hydrolysis of the acetate gave rise to an alcohol 
melting at 204-S° [a]#?°, + 102-0° in benzene solution and its composi- 
tion corresponded to the formula, C;,H;,O. It formed no combination 
with digitonin. Since it did not appear to be identical with any known 
compound it has been given the name, a-calotropeol indicating 
its isolation from Calotropis. Its benzoate melted at 273-74°, [a]#°, + 74-3° 
in bezene solution. Thus the alcohol and its esters are all dextro- 
rotatory. From a determination of the iodine value of the acetate 
the presence of one double bond in the compound could be established. 
From the mother liquors left after the separation of a-calotropeol-acetate, 
small quantities of the acetates of another new alcohol, f-calotropeol (see 
below) and of B-amyrin could be obtained with great difficulty. However, 
B-calotropeol was more easily obtained in good quantity as its benzoate 
from the crystallisation of the mixed benzoates produced by the benzoylation 
of the original resinol mixture (B). 


By the repeated crystallisation of the mixed benzoates a substance 
melting sharp at 279-80° could be isolated. It was different from 
a-calotropeol benzoate, the mixed melting point being depressed 
and its specific rotation, [a]?°, + 69-0° in benzene solution was also 
different thus showing that they are different substances. However, from 
combustion analysis and molecular weight determination it was found to be 
isomeric. The free alcohol obtained from it melted at 216-17° and had 
the specific rotation, [a]#°, + 50-9° in benzene solution and was thus 
different from a-calotropeol. It was, therefore, named f-calotropeol. It 
resembled a-calotropeol in its composition and colour reactions. The 
individuality of B-calotropeol was further supported by the preparation of the 
acetate which was found to melt at 238°, [a]§°, + 43-9°, and to be quite 
different from a-calotropeol acetate, the mixed melting point being depressed. 
It should be mentioned here that the calotropeols were found to be stable 
and their acetates did not undergo any change on boiling with formic acid. 

The more soluble fraction (C) of the unsaponifiable matter was 
similarly analysed. The acetate method seemed to be the most satisfactory 
in this case and by the crystallisation of the crude acetates, a pure substance 
melting sharp at 239-40° could be isolated. It had the formula, C,,H;,.0, and 
gave colour reactions characteristic of pentacyclic triterpenes. On hydrolysis 
it yielded an alcohol melting at 196-97°. The acetate and the alcohol were 
found to be identical with B-amyrin acetate and f-amyrin respectively by 
comparison with authentic samples obtained from the roots of Decalepis 
Hamiltonii. The more soluble portion of the acetates yielded finally a fraction 
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melting at 172-74° and its composition corresponded to the formula, 
C3oH5202. It was dextro-rotatory. The colour reactions, however, were 
different from those of the above compounds; with both the Liebermann- 
Burchard and Salkowski reagents it produced yellow solutions with green 
fluorescence. This fraction seemed, therefore, to contain  tetracyclic 
triterpenes and this surmise was confirmed by treatment with formic acid or 
with chloroform saturated with hydrogen chloride. The new product melted 
between 211 and 215° and gave the colour reactions of the pentacyclic tri- 
terpenes (similar to B-amyrin). Thus the presence of mixtures of 6-amyrin 
and tetracyclic resinols was established. 


By the decomposition of the soap obtained from the saponification of 
the ether-soluble portion of coagulum (I) were produced only steam-volatile 
fatty acids. The existence of acetic acid and of isovaleric acid in the 
mixture was indicated by the lanthanum nitrate test® for the former and the 
characteristic smell of the latter. An artificial mixture of the two acids could 
be prepared having practically the same smell as the steam-volatile acids . 
obtained from the latex. 


Summing up the results, the ether-soluble portion of the coagulum consists 
of the esters of triterpene alcohols (acetates and isovalerates). a- and B-calo- 
tropeols occur in equal amounts and they form the major portion; B-amyrin 
comes next and small amounts of tetracyclic compounds also seem to exist. 


The aqueous alcoholic solution (II) left after the separation of the 
coagulum contained substances which could be extracted by means of ether 
and chloroform. These, after purification using chloroform and petroleum 
ether, yielded a colourless crystalline substance (mixture of compounds) 
melting at about 242°. Its colour reactions and solubility indicated that it 
was not a wax component but belonged to the group of cardiac poisons 
described by Hesse et al. This mixture was highly toxic to fish, gave tests 
for N and S indicating that compounds containing these elements were present 
Further study of this material is in progress. The aqueous alcoholic solution 
from which all ether- and chloroform-soluble matter had been removed 
deposited slowly a colourless solid, and this was identified as calcium oxalate 
by qualitative and quantitative analyses and examination of its crystalline 
structure. It is probable that the irritating effect of the latex when rubbed 
on the skin is due to the presence of this substance in a very fine crystalline 
condition. This phenomenon has been noticed in some other cases, one 
such being Vitis quadrangularis.* ; 


The following chart embodies in brief the isolation of the various frac- 
tions and their compositions. 
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Latex (600 c.c.) 
Alcohol 
| | 
Solution (11) Coagulum (1) 
SUTURE ROT tee Su 
| | | | 
Cardiac poison Calcium oxalate (Id) (I a) 
(2:4 g.) (6:0 g.) Ether-soluble sticky solid 
matter (10:0 g.) 
(20:0 g.) 
| 
| | 
Fatty acids (2:5 g.) Unsaponifiables (17:0 g.) 
Isovaleric, 


acetic 


| | 
(C) 40g.) ©) (13-08) 


p-Amyrin, a-Calotropeol, 
Tetracyclic p-Calotropeol, 
compounds p-Amyrin 


As already mentioned Basu and Nath investigated the ether extract 
of the dried latex and claimed to have obtained as the sole crystalline 
component of the unsaponifiable matter a new sterol called calosterol. 
Though its reactions were abnormal for a sterol they seem to have been led 
to this opinion by the formula, C,,H,,O that they obtained for it. However, 
the carbon analysis of calosterol and of its acetate and benzoate agree closely 
with the values required for the monohydric triterpene alcohols, C,jH; sO 
and their derivatives, though the recorded hydrogen values of the former are 
low all through. From the results of the present work and particularly 
from a comparison of the melting points it seems to be quite possible that 
the above authors were dealing with a mixture of resinols. It was probably 
contaminated with cardiac poisons since these are also soluble in ether and 
would get into the ether extract when the whole of the latex in a dry condi- 
tion is extracted. The cardiac poisons give an immediate green colour with 
the Liebermann-Burchard reagent and their presence might have contributed 
to the colour changes observed with calosterol when treated with this reagent. 


It may be mentioned in this connection that the latex of another species 
of Calotropis, Calotropis procera has been recently analysed by Hesse® et al. 
and has been found to contain a triterpene alcohol. From the abstract of the 
paper which alone is now available it could be seen that the sole alcoholic 
component of the latex is a-lactucerol. It has a melting point of 224-25°, 
[e]p, + 97:5° and its acetate and benzoate melt at 252° and 257° respectively. 
On boiling with formic acid it isomerises to iso-lactucerol melting at 
901°; [a]%°, + 66-8°. The acetate and benzoate of iso-lactucerol melt 
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at 237° and 271° respectively. The alcohols are given the formula Cg9H590 
and they produce colour reactions similar to those noted for the calo- 
tropeols. They are described as pentacyclic triterpene alcohols. These 
observations are in accord with the results of the present investigation of the 
latex of Calotropis gigantea, that the components are resinols though the 
compounds present in the two species are different. They further support 
the conclusion that ‘calosterol’ should be considered to be a mixture of 
triterpene alcohols. 


With regard to the composition of the latex of Calotropis procera 
Hesse et al. found it to contain (1) cardiac poisons and (2) esters of 
a-lactucerol with steam-volatile fatty acids. The present investigation 
shows that the latex of Calotropis gigantea contains (1) cardiac poisons, 
(2) esters of a-and f-calotropeols and f-amyrin with steam-volatile fatty 
acids and (3) calcium oxalate. Besides others the most characteristic 
difference between a-lactucerol and the resinols of C. gigantea is that the 
former undergoes isomeric change when treated with formic acid, whereas 
the latter are stable to such treatment. 


Experimental 


Fresh latex was collected in bottles containing a few drops of chloro- 
form. In order to bring about coagulation of colloidal matter, it 
(600 c.c.) was treated with rectified spirits (200 c.c.), the mixture was well 
stirred and set aside for some hours. The coagulum (I) (35:0 g.) was 
separated from the aqueous alcoholic mother-liquor (II) by filtration under 
gentle suction and the two were examined separately. 


The soft coagulum (I) was boiled with alcohol (500 c.c.) under reflux, 
filtered and the extraction repeated twice again using 250 c.c. of alcohol each 
time. The residue was then extracted repeatedly with boiling ether till no 
more went into solution. A small sticky portion (Ia), pale yellow in 
colour was left behind; it was difficultly soluble in ordinary solvents, 
contained a little mineral matter and gave tests for phosphate. The 
combined alcoholic extract deposited on standing a bulky solid which 
was completely soluble in ether. It closely resembled the ether extract 
and was therefore added to it (Ib). On evaporating the clear alcoholic 
solution a yellowish brown sticky solid was obtained. It resembled (I a) 
closely and the two were mixed together (10-0 g.). This is under further 
investigation. 


Ether solution, (1b) (Resinol esters, 20 g.).—On distilling off the solvent 
completely the dry residue was obtained as a colourless, non-sticky solid 
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melting indefinitely between 120° and 170°. To effect, if possible, the isola- 
tion of pure compounds by direct crystallisation, it (25-0 g.) was dissolved 
in boiling ethyl acetate (300 c.c.) and the solution was left undisturbed for 
about 6 hours. A giistening mass of colourless crystals melting at 210-15° 
Separated out. Two more crystallisations of this solid (5-0 g.) from the 
same solvent yielded a product melting at 230-35°. Further repeated crys- 
tallisation using ether and ethyl acetate alternately left a small amount 
of (0-5 g.) of a pure product melting at 248-50° (A). Description of this 
substance has been postponed for the present. 


All the impure fractions were mixed together. The solid (20-0 g.) was 
dissolved in benzene (200 c.c.), N/2 alcoholic potash (500 c.c.) added and the 
contents were boiled under reflux for 15 hours. By this time a large amount 
of a crystalline solid (needles) was found to separate out. The solvents 
were removed by distillation as far as possible, water was added to the 
residual mixture and boiled. The unsaponifiable matter was isolated by ether 
extracting the aqueous suspension; during this operation no emulsions were 
formed and the soap solution remained clear all the time. 


Fatty acids (acetic and isovaleric: acids).—Before decomposing the soap 
solution with acids the last traces of alcohol were carefully removed by 
heating under reduced pressure. This precaution is necessary, since lower 
fatty acids readily form volatile esters with alcohols in the presence of 
mineral acids and thus give rise to complications. The acidified solution 
did not form any layer of insoluble fatty acids and hence the clear solution 
was subjected to steam distillation. The distillate (2 litres) was ether 
extracted, the extract dried over anhydrous ‘sodium sulphate and finally 
distilled to recover the solvent. The liquid residue was strongly acidic in 
reaction and had an offensive smell. Treatment with lanthanum nitrate® 
produced a blue solution indicating the presence of acetic acid and the smell 
was characteristic of isovaleric acid. Careful comparison of the odour of 
a dilute solution of the mixed fatty acids with a similar solution containing 
authentic samples of acetic and isovaleric acids confirmed the presence of 
these two acids in the mixture. 


The residue in the distilling flask was a clear solution. It was repeatedly 
extracted with ether and the ether solution evaporated. The absence of any 
residue showed that solid and liquid non-volatile fatty acids were absent. 


Unsaponifiable matter, Resinols (17-0 g.).—The ether solution of the 
unsaponifiable matter was distilled in order to remove the solvent com- 
pletely. The residue (17-0g.) was a pale yellow solid containing some 
colourless crystals. It was readily soluble in benzene, ethyl acetate and 
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ether, but was much less soluble in both methyl and ethyl alcohols. When 
the whole solid was boiled under reflux with rectified spirits (400 c.c.) and 
the contents allowed to stand overnight a crystalline solid (B) separated out. 
It was filtered off and the alcoholic filtrate concentrated in stages. Since 
no more crystalline solid could be obtained by this process, the whole of 
the filtrate was evaporated to dryness and the residue (C) was separately 
examined. 


Solid (B) (13-0g.), a- and B-calotropeols and B-amyrin.—This fraction 
crystallised from alcohol in long colourless needles melting at 120-70°. 
Simple crystallisation from ordinary solvents a number of times did not 
yield sharp melting substances. Consequently esters (acetate and benzoate) 
were prepared and studied. 


Acetate method (a-calotropeol acetate)—The resinol mixture (8-0 g.) 
was dissolved in acetic anhydride (20c.c.), anhydrous sodium acetate 
(5-0 g.) was added and the mixture was kept boiling under reflux for 3} hours 
in an oil-bath. It was cooled, diluted with water (300 c.c.) and kept in the 
ice-chest overnight. The separated solid was extracted first with excess of 
boiling ether and subsequently with boiling benzene. Only a little dark 
resinous matter was left behind and it was discarded. Both the ether and 
benzene solutions were decolourised by warming with ‘ norit’ and con- 
centrated independently. They yielded the same crystalline solid melting 
at about 230° which when recrystallised from ethyl acetate melted at 
240-44°. The two fractions from the two solvents were mixed together 
and twice crystallised from ethyl acetate when a compound melting at 
250-51° was obtained (0-5 g.). 


The crystal structure was quite characteristic; the compound came out 
slowly in the form of glistening, elongated hexagonal prisms. It was very 
sparingly soluble in both ethyl and methyl alcohols, moderately soluble in 
ether and ethyl acetate and readily soluble in chloroform and benzene. 
With Liebermann-Burchard reagent it produced a pink solution which very 
slowly faded to a yellow brown. With the Salkowski reagent it formed a 
yellow solution exhibiting green fluorescence. Treatment with boiling 
formic acid did not produce any change. [Found: C, 82:5; Hyd 2s 
CsgH 5202 requires C, 82:1; H, 11-1%]. [a]#°, + 98-0° in benzene solution, 
The molecular weight of the acetate was determined by finding the saponi- 
fication equivalent. The solid was dissolved in benzene, excess of N/2 
alcoholic potash was added to it and the contents were boiled under reflux 
for 3 hours. A blank experiment was conducted simultaneously. The 
unused alkali was estimated by titration with standard acid. The molecular 
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weight was found to be 462 and that required for the formula given above 
is 468. The iodine value was determined as follows: The substance 
(0-2180 g.) was dissolved in carbon tetrachloride (20 c.c.), an equal amount of 
iodine chloride solution was added and the contents were kept in the dark 
for 3 hours. The excess of iodine was then titrated in the usual way with 
sodium thiosulphate. The I. V. obtained was 57:4 and that required for 
one double bond in the above formula 54:2. 


a-Calotropeol.—The acetate (2:0 g.) was dissolved in benzene (50 c.c.), 
an equal amount of 5% alcoholic potash was added to it and the mixture 
was boiled under reflux for 5 hours. The major bulk of the solvents was 
distilled off and the residue was diluted with water. The resulting solid 
was washed free of alkali and dried. It was dissolved in a mixture of boiling 
acetone (125 c.c.) and ether (20 c.c.) and allowed to crystallise slowly in the 
refrigerator. A good amount of crystalline solid was collected at the 
bottom of the flask and was recovered by filtration. It appeared as trans- 
parent rods and narrow plates under the microscope and melted at 204—-5°. 
It resembled the acetate in its solubility in the ordinary organic solvents 
except benzene in which it was more sparingly soluble. It gave a bright 
pink solution immediately with the Liebermann-Burchard reagent ; the 
colour changed to purple in about an hour; after 2 hours it was pale blue 
and slowly faded to yellowish brown (5 hours). These changes could be 
brought about rapidly by the addition of a few drops of water. With the 
Salkowski reagent the sulphuric acid layer was coloured orange-yellow 
exhibiting deep green fluorescence. [Found: C, 84-6; H, 11-4; C,,H,,O 
requires C, 84-5; H, 11-7%]. [a] $°, + 102-0° in benzene solution. 

Benzoate of a-Calotropeol.—The crystalline alcohol (0-6 g.) was dissolved 
in benzene (40 c.c.) and pyridine (8 c.c.) and benzoyl chloride (7 c.c.) were 
added to it. The mixture was set aside for 12 hours and then heated under 
reflux for 3 hours on a water-bath. The solvents were removed under 
low pressure and the resulting residue was dissolved in ether-benzene 
mixture (150c.c.). The solution was washed with 1% sodium hydroxide 
solution followed by aqueous sulphuric acid. Finally it was washed free 
of acid with water. It was dried over anhydrous sodium sulphate and 
gently warmed to remove the ether as far as possible. To the concentrate: 
(20 c.c.) an equal amount of alcohol was added and the mixture was allowed 
to cool slowly. A crystalline solid melting at 273-74° was obtained and no 
change in the melting point was effected by crystallising it from ligroin 
(20 c.c.). It crystallised in the form of broad rectangular plates. [Found: 
C, 83:6; H, 9-8; Ca,H;,O, requires C, 83-8; H, 10°:2%]. [a] p, + 74°3° in 
benzene solution. It gave the same colour reactions as the acetate. 
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Isolation of acetate of f-calotropeol and B-amyrin.—The ethyl acetate 
mother-liquor left after removing the acetate of a-calotropeol was concentrated 
and the earlier fractions which were mixtures of this compound were removed. 
Later a small fraction melting at 232-35° was obtained. Repeated 
recrystallisation of this from ethyl acetate yielded a product melting 
at 238-39° which proved to be identical with f-calotropeol acetate (see 
below). Though the existence of 8-calotropeol in the resinol mixture was 
thus indicated, its isolation in larger quantities was conveniently effected by 
the benzoate method. 

The final’ ethyl acetate filtrates from which the acetates of the calotro- 
peols had been separated and the original ether and benzene mother-liquors 
were all united, evaporated to dryness and the residue carefully studied. It 
(4:0 g.) was dissolved in ether (150 c.c.), an equal amount of alcohol was 
added and the contents were stirred well. Immediately a solid melting at 
205-8° and containing acetates of calotropeols separated out; it was 
removed by filtration. The mother liquor was concentrated in stages and 
five fractions were collected. The first of these melted between 173-85° 
and the last 90-135°. The last two fractions were coloured yellow. By 
fractionation of these several times from acetone and ethyl acetate, a small 
amount of a solid melting at 190-206° was collected: Further crystallisa- 
tion from benzene-alcohol mixture and finally ethylacetate yielded a product 
melting at 239-40° and crystallising in the form of long prismatic rods. It 
produced a pink solution with the Liebermann-Burchard reagent and no 
change in the colour was effected by the addition of water; with the 
Salkowski reagent a yellow solution was formed. It was different from the 
acetates of the calotropeols and the mixed melting points with these com- 
pounds were considerably depressed. From its properties it appeared to 
be f-amyrin acetate and this surmise was proved to be correct by a mixed 
melting point determination using an authentic sample of B-amyrin acetate 
obtained from the roots of the Decalepis. On hydrolysis it yielded 8-amyrin. 

Benzoate method (8-calotropeol benzoate).—Solid (B) (5-0 g.) was dis- 
solved in benzene (30c.c.), benzoyl chloride (12 c.c.) and pyridine (10 c.c.) 
were added and the contents were set aside for 12 hours.- Then the mixture 
was heated on a water-bath for 5 hours. The solvents were removed com- 
pletely under low pressure and the residue was taken up with water. The 
aqueous suspension was extracted with a mixture of ether and benzene (2: 1), 
(300 c.c.) in small lots and the ether-benzene layer was washed with A 
aqueous sodium hydroxide, dilute sulphuric acid and water in succession. 
The solution on concentration to about 100c.c. deposited a solid (3:0 g.) 
melting at 200°. It was digested with ether (100 c.c.) and the ether-insoluble 
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portion was carefully separated by decanting off the solution. On crystalli- 
sation trom a mixture of benzene and alcohol (50 c.c.) it yielded a fraction 
(0-8 g.) melting at about 260°. Further purification of the solid was effected 
by dissolution in petrol (50c.c.) and cooling the solution in ice after con- 
centrating to half the bulk. As a result a solid (0-4 g.) melting at 274-77° 
separated out and after one more crystallisation from the same solvent it 
was obtained as long rectangular plates melting at 279-80°. No more rise 
in the melting point could be effected by further purification. With the 
resinol colour reagents it reacted to produce coloured solutions similar to 
those given by a-calotropeol and its derivatives. [Found: C, 83-7; H, 10-4; 
C37H;,O, requires C, 83-8; H, 10-2%]. [o]#°, + 69-0° in benzene solution. 
The molecular weight determined as already described by finding the saponi- 
fication equivalent was 538, the value required for the above formula being 
530. The mixed melting point with a-calotropeolbenzoate was consi- 
derably depressed. 


| 

B-Calotropeol—The benzoate (0:8g.) was dissolved in benzene 
(45 c.c.) and the solution was boiled with an equal amount of N/2 alcoholic 
potash for 5 hours. The major bulk of the solvents was distilled off and 
the residue was treated with water. The resulting solid - (f-calotropeol) 
was filtered and washed free of alkali. It melted at 216-17°, after a 
crystallisation from benzene-alcohol mixture (2:1). On concentrating the 
mother-liquor in stages, only the above substance could be obtained. The 
alcohol as well as the benzoate were thus shown to be pure. The mixed 
melting point with a-calotropeol was found to be depressed (175--95°). 


B-Calotropeo] appeared as prismatic rods under the microscope, It 
was practically insoluble in alcohol and readily dissolved in ether, chloro- 
form and benzene. In the last solvent its solubility was less than that of its 
acetate (see below). It produced the same colour reactions with the 
Salkowski and the Liebermann-Burchard reagents as a-calotropeol. [Found: 
es4- 7. Hi, Vi-2; and C,,H;,O requires C, 84-5; H, 11-7%.) fel#*, 
+ 50:9° in benzene solution. [Found: iodine value, 57-8; C3 9H; ,O0 
requires for one double bond, 59-6]. 


B-Calotropeol Acetate.—B-Calotropeol (0:5 g.) was dissolved in acetic 
anhydride (10c.c.), a few drops of pyridine were added and the solution 
boiled for 3 hours. On adding water and allowing the contents to stand 
overnight the acetate separated out as a colourless solid. It was crystallised 
- from ethyl acetate (20c.c.) and the resulting crystalline compound melted 
at 238°. Under the microscope it appeared as elongated hexagonal plates. 
When crystallised from benzene-alcohol mixture, it was obtained as a woolly 

A3 
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crystalline mass and it appeared as thin rods under the microscope. It was 
easily soluble in benzene and chloroform, moderately soluble in ether and 
ethyl acetate and practically insoluble in ethyl and methyl alcohols. It 
produced the same colour reactions as the benzoate. The substance was 
unaffected when boiled with formic acid. [Found: C, 81-7; H, 10:9; 
and Cy H;,0, requires C, 82:1; H, 11°1%.] [a]p°, +43-9° in benzene 
solution. Mixed melting point with a-calotropeol acetate was found to 
be depressed (225-230°). 


When the mother-liquors from the crystallisation of the benzoate 
mixture were worked up some more of the f-calotropeol benzoate could be 
obtained and it was not possible to isolate a-calotropeol or B-amyrin esters. 


Solid (C) (4:0g.) (B-amyrin and tetracyclic compounds).—It was yellow 
in colour and sticky to the touch and was found to be soluble in all organic 
solvents making purification by crystallisation difficult. From its colour 
reactions it.was considered to consist mostly of resinols. To facilitate the 
isolation of crystalline products it was studied by the acetate method. Its 
acetylation was carried out in the usual way by boiling the solid (4-0 g.) with 
acetic anhydride (15c.c.) in presence of sodium acetate for 3 hours. The 
mixture was diluted with water and after allowing to stand for some hours 
it was ether extracted. On concentrating the ether solution to about 30 c.c. 
a crystalline solid mixed up with an yellow amorphous substance separated 
out. Repeated washing with small quantities of ether removed the coloured 
portion leaving behind colourless crystals melting at 218-30°. Two more 
crystallisations of the above fraction (1-5 g.) from ethyl acetate resulted in 
the separation of a colourless crystalline compound melting sharp at 240°. 
It was identified as B-amyrin acetate by making a mixed melting point 
determination with an authentic sample. 


The ether mother-liquor and washings, on careful concentration in 
stages, deposited some-more of crude amyrin acetate. The final solution 
was evaporated almost to dryness when a residue was obtained in the form 
of a thick syrup. It was shaken well with acetone (30c.c.) and on allowing 
the contents to stand for about 6 hours a colourless solid melting at 148-60° 
was deposited. The mother-liquor on careful manipulation yielded some 
more of the above solid. On crystallisation from acetone it was obtained 
in the form of broken cubes and it melted at 170-74°. Further purification 
was not attempted since the yield of the substance was only 0-5 g. [Found: 
C, 82-6; H, 11-2; CyyH,,0, requires C, 82-1 and H, 11-1°%]; [ajee°, 
+-44-0° in benzene solution. It differed from f-amyrin acetate in prodiiging 


a yellow solution exhibiting green fluorescence with Liebermann-Burchard 
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reagent in place of a pink coloured solution. This property was made use 
of in the above fractionation to detect and eliminate B-amyrin acetate which 
if present even in traces would invariably produce the pink solution. With 
the Salkowski reagent it produced a yellow solution with green fluorescence. 
The low melting point-of the acetate coupled with the colour reactions 
indicated that it was probably a tetracyclic resinol mixture. This surmise was 
confirmed by effecting ring closure by the following two methods: Formic 
acid (20c.c.) was added to the benzene solution (20 c.c.) of the substance 
and the mixture was boiled for 3 hours. The contents were largely diluted 
with water and the benzene layer was separated, washed free of acid and was 
concentrated to about Se.c. On the addition of an equal volume of 
alcohol and cooling the solution in ice, a crystalline solid melting at about 
211-15° was obtained. This produced the characteristic colour reaction 
of the pentacyclic triterpenes, i.e., pink solution with the Liebermann- 
Burchard reagent. However, the benzene-alcohol mother-liquor from the 
above compound yielded on evaporation a large amount of the unchanged 
original compound. This was dissolved in chloroform (15 c.c.), the solution 
was saturated with dry hydrogen chloride at O°C. and kept at that 
temperature overnight. The residue obtained after removing the solvent was 
crystallised from benzene-alcohol and ethylacetate in succession resulting 
in the isolation of the transformation product in a better yield. 


The final mother-liquors left after removing the crude tetracyclic com- 
pounds were examined in detail to see if any sterol-like substances could be 
detected. No fraction gave the proper sterol colour reactions when tested 
with the Liebermann-Burchard and Salkowski reagents. Solid (C) thus 
consisted mostly of B-amyrin and small quantities of tetracyclic compounds, 


Filtrate (IT) (Cardiac poisons and calcium oxalate).—The filtrate obtained 
from the coagulum (I) on cooling in the refrigerator deposited only a small 
amount of a slimy solid. Hence the whole solution was extracted repeat- 
edly with ether employing 500 c.c. of it at a time. The ether solutions were 
united and extracted with 5% aqueous sodium carbonate twice. The ether 
layer was washed free of alkali and dried over anhydrous sodium sulphate; 
on distilling off the solvent it left behind a residue melting at about 235°. It 
was further purified by dissolving in chloroform (100 c.c.) and reprecipitating 
by the addition of petrol (500 c.c.). The purified solid (0-4 g.) was obtained 
in the torm of colourless rods and melted at 241°-43°. It produced a green 
solution with the Liebermann-Burchard reagent and the colour of the solu- 
tion changed to red after a day. It. dissolved in strong hydrochloric acid 
producing a greenish blue solution. It tasted bitter leaving a tingling 
sensation on the tongue. . 
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The carbonate solution was acidified with hydrochloric acid and was 
slightly warmed, when an offensive smell emanated. The acid solution was 
repeatedly ether extracted and all the ether solutions were united. The 
solvent was completely removed by distillation and the residue was dissolv- 
ed in chloroform and reprecipitated by the addition of petroleum ether. The 
resulting product was very small and was not further studied. 


The original filtrate (II) which had been extracted with ether, was 
extracted with chloroform in four lots employing 400 c.c. of chloroform each 
time. All the chloroform solutions were mixed and the solution was con- 
centrated to about 25 c.c. No solid separated out even on prolonged cool- 
ing in the refrigerator. Then about 100 c.c. of petrol were added and the 
contents were well stirred when a solid slowly began to separate out. It was 
crisp and it melted at about 220° (yield 2-0 g.). It gave colour reactions very 
similar to those of the compound melting at 241°. They were both toxic 
to fish and in general resembled usharin and related compounds isolated by 
Hesse et al. from the mixed latex obtained from Calotropis procera and 
gigantea. No further detailed study was made of them. 


After the filtrate (II) had been extracted with chloroform and the chloro- 
form layer removed, a small quantity of an insoluble compound slowly 
began to separate out from the aqueous layer. It was found to be insoluble in 
alcohol also. Making use of this property, the substance could be completely 
separated from the aqueous solution by adding a liberal quantity of alcohol 
(600 c.c.) and leaving the contents undisturbed for a week. A sticky solid 
thus precipitated down at the bottom of the flask and was filtered at the 
pump. Further purification was effected by digestion with alcohol (500 c.c.) 
whereby it was obtained as a non-sticky solid (6:0 g). It neither melted nor 
burnt when introduced into a flame and hence was considered to be an in- 
organic salt. Further it was not soluble in any organic solvent or in water. 
In acetic acid medium it appeared as plates and bunches of needles under the 
microscope. Its resemblance in crystalline structure to an authentic sample 
of calcium oxalate was very marked. Further on ignition calcium oxide was 
obtained in quantitative yield. It readily dissolved in hot dilute sulphuric 
acid and the solution reduced potassium permanganata. From the above 
properties it was identified as calcium oxalate and its estimation was carried 
out by permanganate titration. Most of the solid (95%) was found to be 
calcium oxalate, the yield being 1% on the weight of the latex. 


The aqueous alcoholic solution was concentrated to about 500 c.c. and 
was preatee with hot neutral and basic lead acetate solutions in succession. 
The insoluble lead salts were collected and decomposed separately in the 
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usual way by passing hydrogen sulphide through the aqueous suspensions. 
After removing the lead sulphide the filtrates were extracted with cther and 
chloroform in succession. From the ether solution only a small quantity of 
a crystalline resin acid melting at 135° could be obtained. From the chloro- 
form solution no compound could be obtained; all the chloroform-soluble 
substances had obviously been removed earlier. The aqueous filtrate on 
further concentration and hydrolysis with aqueous sulphuric acid yielded 
amorphous resins. 
Summary 


The latex of Calotropis gigantea contains (1) resinols as estets of steam- 
volatile fatty acids (acetic and isovaleric), (2) cardiac poisons similar to 
usharin and (3) calcium oxalate. The resinol portion consists mainly of 
two new alcohols, a-calotropeol and f-calotropeol in almost equal quantities 
and minor amounts of B-amyrin. The important properties of the calotro- 
peols have been studied. It is suggested that ‘Calosterol’ of Basu and 
Nath should be a mixture of resinols contaminated with cardiac poisons. 
The recent report of Hesse ef al. that the milky latex of Calotropis procera 
contains only a-lactucerol as its esters with steam-volatile fatty acids is 
discussed. . ; 
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FIXED OIL FROM JATROPHA CURCAS (LINN.) 
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Jatropha curcas or the angular-leaved physic nut flowers in May-June and 
the fruits ripen during the monsoon. The oil from the seeds has been 
analysed by many investigators and only two have published complete ana- 
lysis of the corhponent acids, the others only separating the soild and 
liquid acids and in some cases determining the proportion of the oleic and 
linoleic acids in the latter. Kajuka, Hata and Fujikawa! gave the component 
acids of the Formosan oil, of iodine value 130, as 14:4% palmitic, 
9-6% stearic, 53-2% oleic and 22-8% linoleic acid. These results are not in 
agreement with the recorded iodine value and can be accepted only with 
caution. The same trouble arises in:accepting the values recorded by Cruz 
and West.? 


For the present investigation the seeds were collected locally and the 
oil obtained shows a higher defsity and lower iodine value than all other 
samples hitherto examined. The analytical constants of the Malabar 
oil together with the constants of other curcas oils are shown in Table I. The 
mixed acids (96°4%) gave 24-57% of solid acids and 75:43 of liquid acids. 
Complete analysis has shown that the constituent acids are myristic 1-379, 
palmitic 15-61%, stearic 9-69%, arachidic 0:35%, oleic 40:9% and linoleic 
32-08%. The Euphorbiacee oils in general contain only very small amounts 
of saturated acids and Jatropha oil is the first in the whole of the family 
which has been shown to contain more than 18% of saturated acids. The 
component acids of some typical Euphorbiacee fats are shown in Table II 
for comparison. 


The component glycerides of Euphorbiacee have recieved very little 
attention. Hilditch and Priestman® records the glyceride composition of 
the fruit coat fat of Stillingia sebifera, and the present is the first report on the 
glyceride composition of the seed fat in this group. The analysis of the azelao 
glyceride mixture has already been published‘ and in this paper the data relat- 
ing to the trisaturated glyceride content is reported. It is interesting to note 
that this oil does not obey the rule of even distribution. 


The studies of Ivano and others’ have resulted in the conclusion that a 
given plant species, capable of existence in different climates, produces, when 
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grown in a cold climate, more unsaturated acids in its seed fats than when 
it is grown in a warmer climate. A perusal of the literature connected with 
Jatropha oils shows that probably more important than the general climatic 
condition, the minimum temperature to which the plant is subjected, influences 
the degree of unsaturation of the oil. The oil of curcas from Belgian Congo, 
practically on the equator and subject to extremes of heat and cold, has an 
iodine value of 97-102, Malabar (8° N.) oil has 90-84, Philippine (15° N.) has 
95-00, Formosa (23° N.) has 103-0. The Belgian Congo seeds are subjected 
to much greater variations in respect of heat and cold so much so that the oil 
shows higher unsaturation than the Malabar oil or Philippine oil, and its 
unsaturated nature is on a par with Formosan oil from seeds grown in a 
much colder climate. 
Experimental 


450 Grams of clear dry oil were obtained by extraction of 972 grams of 
the crushed seeds, and gave the following constants :— 


Density (30° C.) 0:9849 Refractive Index 1-4669 
Acid value 26727, Saponification value 196-1 
Acetyl value Nil Iodine value 90-84 
Water insoluble acids 96-4% Non-saponifiable matter UT eye 

- Constants of Mixed acids.— 
Titre 26° Refractive index 1-4583 
Mean Molecular weight 277-2 Iodine value 94°85 


The mixed acids were separated into solid and liquid acids showing the 
following constants :— 


(a) Solid acids.—(24-57% of the mixed acids). 


Titre ay Aa Mean molecular weight 268 

Iodine value 0:65 Refractive index 1-4496 
(b) Liquid acids —(75-43% of the mixed acids). 

Mean molecular weight 282-1 Refractive index 1-4650 

Iodine value 117-0 


The solid and liquid acids were converted into their esters, fractionated 
and worked up as usual. Careful fractionations followed by hydrolysis and 
analysis gave the following values :— 


Solid acids :— 
Cyg—0°25; Cyg—14-11; C,,—9-69; Cyy—0°35; 
Oleic—O0:07; Linoleic—0+ 10 

Liquid acids :— 
Cy,—1°12; Cis—1-50; 


Oleic—40-83 Linoleic—31 +98 
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Thus the composition of the total acids is found to be myristic 1:37°%, pal- 
mitic 15-61%, stearic 9-69%, arachidic 0:35%, oleic 40-90% and linoleic 
B22 085%. 

Permanganate Oxidation 


120 Grams of the neutral oil gave 3-41 grams of neutral non-oxidisable 
portion corresponding to 2-84% of saturated glycerides. 


Confirmation of the above value by an independent method could not 
be attempted due to lack of suitable methods. The oil is miscible in all 
proportions with dry acetone and could not be crystallised from it. The 
estimation of tristearin in the completely hydrogenated fat would be uscless 
firstly because the oil contains nearly 10% of stearic acid and secondly because 
it contains nearly 16% of palmitic acid. The tristearin value will thus be 
about 55 and it has been proved® that this method is unreliable when the 
value lies between 40 and 75. The estimation of tri-C,,-glycerides by the 
partial hydrogenation method would not give any accurate results since the 
oil contains nearly 10% of stearic acid. 


Summary 


The constants, mixed acid composition and the trisaturated glyceride 
content of the oil from the seeds of Jatropha curcas (Linn.) are recorded. 
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IN Part XIV! it was shown that the presence of two nitro-groups on the aro- 
matic ring, as in 2:4-dinitribenzaldehyde, made the condensation with 
malonic acid extremely slack and it was only after many attempts that the 
yield of 50% of the theoretical was obtained. It is possible that two nitro- 
groups in different positions from the above might have behaved differently. 


In Part XIII,? it has been shown that the influence of a chloro- or a bromo- 
group present on the aromatic ring of the aldehyde affected the reaction very 
favourably, as regards both the speed and the final yield, which includes its 
purity also. In Part I it was shown that salicylaldehyde gave about 51% 
yield only with a smail trace of pyridine : the question may be asked, if a 
chloro- or a bromo-group were placed on the aromatic ring in salicylaldehyde, 
would the yield be increased? The investigations described in this paper give 
data for an answer in the affirmative. 


Two bromo-salicylaldehydes have been condensed here with malonic 
acid, in the presence as well as in the absence of pyridine-traces. Three 
different products have been obtained from each of the aldchydes, while a 
fourth was ‘obtained from each by Perkin’s method. On the whole the 
yields in the aldehyde-malonic acid condensations have been much _ higher 
than those obtained by Perkin’s method, and are also greater than the 31% 
obtained from the simple salicylaldehyde-malonic acid condensation, though 
in no cass full theoretical yields are obtained as in the aati with the 
chloro- and bromo-benzaldehydes.? 
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The 5-bromosalicylaldehyde (I) took some time to condense with malonic 
acid in the presence of pyridine, difficulties being caused by the sublimability 
of the aldehyde below the water-bath temperature. The sublimated amount 
was repeatedly scraped off and added to the reacting mass or was washed 
down with a drop or two more of pyridine. After prolonged heating 5-bromo- 
orthocoumaric acid (II) was obtained, but the yield was between 50 and 58%. 
5-Bromosalicylidenemalonic acid (III) was also formed and was discovered 
in the filtrate of the bromo-orthocoumaric acid. It was only about 20-25% 
of the theoretical, but the total yield of the two would be about 78%, which 
is better than that from the ordinary salicylaldehyde. 


As the decarboxylating action of pyridine is well known it was expected 
that the condensation in the entire absence of pyridine might give more of 
the dibasic 5-bromosalicylidene-malonic acid (III). However, the main bulk 
of this condensation was 6-bromo-coumarincarboxylic acid (IV), which 
melted at 200° and which came out in yields of 92:5%. It was accompanied 
by another still higher melting product, m.p..241°, which was too little to be 
properly investigated. It however melted with effervescence. This was not 
6-bromocoumarin (V), which was obtained by following Perkin’s method and 
which melted at 164°. 


Condensations with the 3: 5-dibromosalicylaldehyde (VI) were a little 
less difficult, as the sublimation was much less and could be controlled more 
easily. Perkin’s method gave the expected 6: 8-dibromocourmarin (X), m.p. 
176°. When pyridine was present three products were obtained, two of which 
were the expected 3: 5-dibromo-orthocoumaric acid (VII) and the. 3: 5- 
dibromosalicylidenemalonic acid (VIII), melting at 187-189° and 158°, or 
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157-159°, respectively. These have been identified, but the third, melting 
at 327° or above, was all used up in purification and qualitative tests. It 
did not appear to have either a hydroxy or an aldehydo or a carboxylic group 
and had to be left over for the time. Condensation in the absence of pyridine 
gave as before 6: 8-dibromocoumarincarboxylic acid (IX), in yields of about 


74%. 


Experimental 


Preparation of 5-Bromosalicylaldehyde4—S Grams salicylaldehyde were 
dissolved in 9-6 c.c. (10 g.) of glacial acetic acid. The flask was placed in 
freezing-mixture and a solution of bromine 1-8 c.c. (6:6 g.) in glacial acetic 
acid was added drop by drop with constant stirring. The 5-bromosalicyl- 
aldehyde was at once precipitated and washed and dried. The weight of the 
crude product on drying was 6°5 g., i.e., 82:5% of theory. Recrystallised 
from dilute alcohol, it melted at 105° (the expected m.p. was 104-105%). 


Condensation by Perkin’s method: the Preparation of 6-Bromocoumarin®— 
2 G. 5-bromosalicylaldehyde, 4 g. freshly fused sodium acetate and 6 c.c. 
acetic anhydride were mixed and heated in a flask for five hours at 180-190°. 
It set to a solid mass at the end of 4:5 hours. The mass was repeatedly 
extracted with hot water until it gave no colour with ferric chloride. It was 
then repeatedly washed with ether until that also ceased giving colour with 
ferric chloride. The white mass left behind melted at 155-165°. It was 
dissolved in hot caustic soda and reprecipitated by dilute hydrochloric acid. 
Recrystallised from absolute ethyl alcohol it melted at 164°. (160°, Simonis*). 
The yield was 1 g. or 50%. 


Condensation with Malonic Acid with a Trace of Pyridine-—5-Bromosali- 
cylaldehyde 3 g., malonic acid 2-1 g. and 8 drops of pyridine were heated 
on an oil-bath at 95° for two hours and then at 100-105° for nearly 18 hours. 
About 8 drops more of pyridine had to be added during the course of this — 
heating. There was much effervescence and the mixture liquefied in the 
first hour. The sublimed aldehyde was frequently scraped and thrown back 
into the flask or returned to the mixture by a drop or so of pyridine. After 
two hours the liquid became quite clear, effervescence had stopped and the 
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temperature was raised to 100-105°. Gradually the clear liquid became 
viscous and then set to a solid. The flask was cooled overnight and the con- 
tents were extracted with sodium bicarbonate (10%) solution. On acidi- 
fying the extract a white precipitate was obtained, which was filtered and 
washed with water. It melted at 145-148°. Crystallised from ethyl acetate 
and benzene, it melted at 150-152°. The yield was 50-55%. 


It melted without effervescence, gave no colour with ferric chloride but 
decolorised Baeyer’s reagent. Bromine found 32:5%, bromo-orthocoumaric 
acid C,H,O,Br requires 32-99%. 

The filtrate was concentrated and on cooling deposited crystals which 
Were removed and the mother-liquor on shaking up with ether and distilling 
off the ether gave more crystals, These melted at 170°, and on recrystallisa- 
tion from ethyl acetate and benzene it melted at 175°. It melted with efferves- 
cence, gave no colour with ferric chloride and decolourised Baeyer’s reagent 
immediately. A small portion of it was kept in an oil-bath at 180°: it melted 
and the effervescence continued for some time. After about 15 minutes it was 
taken out and, on cooling and reheating, melted at 148-150°. When mixed 
with the bromo-orthocoumaric acid, m.p. 150-152°, the melting-point did not 
change at all. Bromine found 27:57, 27-58%: 5-bromosalicylidenemalonic 
acid C,,)H,O;Br requires 27-87%. Equivalent weight, found by titration with 
potassium hydroxide, 148-3; required = 143-5. The yield was about 24%, 
the total yield bzing about 78%. 

Condensation without any Reagent:  6-Bromo-Coumarincarboxylic 
Acid (1V)—3 G. 5-bromosalicylaldehyde and 2-1 g. malonic acid were mixed 
up and heated on the water-bath for 9 hours and then for 8 hours on an oil-bath 
at 100-105°. The sublimed aldehyde was scraped and added on from time to 
time. There was plenty of effervescence and after about two hours an opales- 
cent liquid was formed. The mixture never became a clear transparent liquid. 
One hour after it had solidified again, the temperature was raised up by a 
change of the bath. The product at the end was extracted with ether to 
remove the unreacted aldehyde. A grey solid remained undissolved which was 
filtered off. In the crude condition it melted at 195-200° and weighed 3:7 g. 
Recrystallised from hot benzene, the melting-point rose only slightly to 200°. 
It was soluble in hot water and acetone as well, and insoluble in ether. 

This experiment was repeated several times, and it was found that only 
six hours’ heating on a water-bath was sufficient to give the same yield, i.e., 
92-5°%, of the first solid, m.p. 200°, which was the 6-bromocoumarincarboxylic 
acid: Bromine, found = 29:43, 29-44%, the acid C,,H,O,Br requires 29-74%. 
It melted without effervescence and gave no colour with ferric chloride. It 
decolourised alkaline permanganate. 
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When the ethereal extract was treated with sodium dicarbonate solution, 
it gave much effervescence: excess was then added and the two layers 
separated. On acidfication, the lower layer gave a solid white substance, m.p. 
237° (dec.) (y. =0°3 g.). 

This high-melting substance melted at 241° on further purification, but 
melted with effervescence. It was not in sufficient amount for a clear 
identification. 


3-5-Dibromosalicylaldehyde.6—5 g. salicylaldehyde were taken in a flask 
and to this were added 17:5 g. of bromine (a little more than 2 mol. pro- 
portion) drop by drop and with vigorous shaking. The flask was kept at room 
temperature for two days with occasional shakes: on the third day the whole 
mass had set to a solid and was taken out with about 500 c.c. or more of 
water. This was washed free of the excess of bromine. Recrystallised 
from dilute alcohol it melted at 82-84° (m.p. 83°)® Yield about 87% of 
the theoretical. 


Condensation by Perkin’s method: 6-8-Dibromocoumarin.’—1-4 G. di- 
bromosalicylaldehyde, 2 g. fused sodium acetate and 3 g. acetic anhydride 
were mixed and heated in the usual way, 170-180°, when the whole mass 
solidified at the end of three hours. The cold mass was washed with plenty of 
water, the residue was dried and washed with ether repeatedly till the wash- 
ing gave no colour with ferric chloride. The residue was dried and recrys- 
stallised from rectified spirit. It melted at 176°. Yield about 33%. (6: 8-. 
Dibromocoumarin melts at 174-176°).? 


Condensation in the Presence of Pyridine: 3 :5-Dibromo-salicylidenemalonic 
Acid and 3:5-Dibromo-orthocoumaric Acid—Very many condensations had 
to be tried to get conditions of good yield, as three different substances were 
found to occur in the product of this single reaction. Higher temperatures 
than 100° gave better yields of a substance which seemed to melt at about 
300°, but has not been identified. Two other products 3: 5-dibromosalicyl- 
idenemalonic acid (VIII) and 3 :5-dibromo-orthocoumaric acid (VI) were also 
formed, but the amounts of their yields varied greatly with the temperature 
and the manner of heating. On the other hand oridinary water-bath heating 
for several hours even gave poor yields and much of the original aldehyde 
was found remaining unaffected but mixed up with resin. 


2:8 G. dibromosalicylaldehyde, 1-4 g. malonic acid and 6 to 8 drops of 
pyridine were mixed in a flask and the whole was heated onan oil-bath at 110° 
for 4 hours. There was much effervescence and the mixture changed into a 
thick viscous mass, a little aldehyde that had sublimed was washed in with 
a drop or two of pyridine. The temperature was gradually raised to 125°, 
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and then the whole was left to itself overnight. The next day the tempera- 
ture was raised up to 135°, and after one hour quickly to 160°. A solid mixed 
with much viscous matter appeared to have been formed and the heating was 
stopped. To the cold flask ether was added when much dissolved, leaving 
behind a solid which in the crude condition melted at 260°-270°. It was 
found insoluble in most of the usual organic solvents. Pyridine however 
dissolved it readily but gave crystals that were very impure and sticky. After 
a recrystallisation from pyridine-benzene, the substance was washed with 
dilute hydrochloric acid which removed some of its colour. The substance 
was then washed with alcohol, then with alcohol plus hydrochloric acid and 
finally with water to remove the acid. It was finally washed with alcohol 
and ether. It was now white in colour, and on heating began to get black 
at 290° and decomposed finally with effervescence at 295--300°. It was again 
treated with pyridine and benzene, and a little alcohol was added: after two 
days clear white crystals came out which on drying melted at 323-327°, becom-. 
ing dark at 310°. It was insoluble in sodium bicarbonate solution and gave 
no effervescence with it. In fact it gave no indications of the presence of a 
hydroxy or an aldehyde or a carboxyl group, though it showed bromine. 


From the ether-extract the two acids were separated. Addition of sodium 
bicarbonate solution to it gave effervescence, So excess was added and it was 
allowed to remain for a couple of hours when white crystals of a sodium 
salt came out. These were filtered off, treated with hydrochloric acid and 
with water. The solid obtained after recrystallisation melted at 185-187° 
without effervescence. This was dibromo-orthocoumaric acid, soluble in ether, 
alcohol, etc., but insoluble in benzene (hot or cold). Found Bromine = 
49-38%, the acid C,H,O;Br. requires 49-68%. The best yield = 31%. 


The filtrate contained the soluble sodium salt of the dibromosalicyl- 
idenemalonic acid, which was decomposed by dilute hydrochloric acid. 
It melted with effervescence at 140-150°, but on recrystallisation from alcohol, 
it melted at 157-159°. Heated alone on a nacked flame for some time it gave 
off carbon dioxide and was changed into the monobasic acid, m.p. 187-189°. 
Heating with pyridine also brought about the same change. Found Bromine 
— 43-28%, the acid C,)H,O,;Bre requires 43-71%. The best yield = 22%. 


Condensation in the Absence of any Condensing Reagent: 3:5-4:6-Dibro- 
mo-coumarincarboxylic Acid (1X).—3:5—Dibromosalicylaldehyde 1-4 g, 
and malonic acid 0-7 g. were mixed and heated together for 5 hours on a 
water-bath and then for one hour in an oil-bath at 130°. In another experi- 
ment the heating was at 130° at the beginning but was then lowered to 110- 
120° after the whole mass had melted, the total amount being six hours. The 
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product in both cases was the same and the yield also was the same about 
76%. The product was extracted with ether, when the dibromocoumarin- 
carboxylic acid was left undissolved. It was recrystallised from alcohol and 
melted at 224-226°. The ethereal extract was a mixture of the same acid 
with some of the unreacted aldehyde. Found Bromine = 45-72%, the acid 
CioH,O,Br. requires 45-97%. It appeared to be dimorphous ; crystallised 
from alcohol, it came out in white needles, and from benzene it came out in 
cubes. 

Acknowledgements are due to Mr. Mahendra Rai Kikani for a few 
preliminary experiments on this subject. 


Summary 


5-Bromosalicylaldehyde and 3:5-dibromosalicylaldehyde have both been 
condensed with malonic acid in the presence of pyridine as well as in its entire 
absence, and the yields are on the whole greater than were obtained from the 
condensation of salicylaldehyde with malonic acid in the presence of pyridine, 
the highest being 92:5. Perkin’s reaction gave different products altogether 
and in much smaller yields. 
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SEVERAL methods for the determination of boric acid are known and of 
these the alkalimetric method which is largely employed depends on the 
titration of boric acid with standard alkaliin the presence of glycerol, mannitol 
or invert sugar. Gravimetric methods depending on the absorption of boric 
acid in a suitable reagent and determining the increase in weight are also 
known.! Both types of methods yield satisfactory results only with appre- 
ciable amounts of boric acid. Colorimetric methods which have been 
suggested in the literature for the estimation of small amounts of boron depend 
on the reaction of boric acid with (a) turmeric, (b) curcumin in presence of 
oxalic acid, and (c) quinalizarin dissolved in sulphuric acid. To these may 
be added the unusual colorimetric procedure of Stahl? which depends on the 
comparison of the intensities of the green flame colour given by mah borate 
from the test and standard samples. 


Hebebrand?® showed that 0-1 mg. of boric acid gives a feeble brown tint 
whilst 10-0 mg. of the acid gives a bright rose-red colour with a 1% solution 
of turmeric and a colorimetric method was developed on this basis. The 
colouration is somewhat fugitive, and is destroyed by prolonged exposure to 
light and also by boiling. Bertrand and Agulhon* employing strips of turmeric 
paper carried out successfully the estimation of 0-1 to 0-0001 mg. of boric 
acid. This method depends on the comparison of the lengths of the coloura- 
tions produced on the turmeric strips with the test and standard solutions 
of boric acid in presence of dilute hydrochloric acid. Schafer® pointed out 
that concentrated hydrochloric acid itself gives a red colour with turmeric 
and this changes progressively to yellow on dilution with water. Hence 
the concentration of hydrochloric acid employed is of importance in this 
method. 


The’ second colorimetric method depends on the red colour given by 
boric acid with curcumin in presence of oxalic acid. Using this method as 
much as 2:0 mg. of boron trioxide can be estimated (Snell*). Neither of the 
above two methods, however, is rapid. 
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The third colorimetric method depends on the quinalizarin-boric acid 
reaction in presence of concentrated sulphuric acid. The solution of the 
reagent in concentrated sulphuric acid is itself violet in colour and this changes 
to blue with increasing additions of boric acid, the actual colour produced 
being composed of varying amounts of red and blue. Scharrer and Gottschall’ 
employed the method for the estimation of 120 to 12y of boric acid. Smith® 
found that it was necessary to work with concentrations of boric acid less than 
0-04 mg. per c.c. and that the lower limit was 0-002 mg. per c.c. 


Using the photo-electric colorimeter Olson and De Turk® estimated amounts 
up to 0:03 mg. of boron. These authors found that maintenance of constant 
temperature during the estimation was important for obtaining good dupli- 
cates and that decrease in the concentration of the sulphuric acid 
decreased the sensitivity, so that a definite high concentration of acid had 
to be employed. Patricia W. Mansell?® using the Lovibond tintometer found 
that about 2y of boron was the most satisfactory quantity to measure. 
It is evident from the above that this method is available only for the estima- 
tion of very small quantities of boric acid. 


Stahl (loc. cit.) found that quantities of the order of 0:3 mg. or more of 
boron trioxide in the upper limit and smaller quantities of the order of 
0:0022 to 0-007 mg. could be determined with an accuracy of 0 to 15% by 
his method. 


Several other colour reactions for boric acid of great sensitivity have been 
described in the literature, but no attempt seems to have been made to adapt 
them for colorimetric work. Rangaswami and Seshadri! have recently 
pointed out that the boric acid reaction characteristic of 5-hydroxy- and 5- 
methoxyflavones and -flavonols and 2-hydroxy- and 2-methoxy-chalkones 
first described by Wilson’® and subsequently developed by them is capable 
of application for the detection of boric acid itself. These compounds in 
anhydrous acetone solution containing anhydrous citric acid undergo a change 
of colour on the addition of traces of boric acid. Compounds that are them- 
selves coloured yellow become deeper yellow on the addition of boric acid 
while those that give only colourless solutions in acetone containing citric 
acid develop a yellow colour on the addition of boric acid. Using penta- 
methylquercetin, which gives a practically colourless solution in acetone contain- 
ing citric acid only, as the reagent (Rangaswami and Seshadri, Joc. cit.) showed 
that 1 part of boric acid in 30,000 parts of solution could be easily detected— 
areaction of a fairly high degree of sensitivity. This reaction has now been 
investigated in detail with a view to develop a method for the colorimetric 
estimation of boric acid. 
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Experimental 
Solutions : 

(1) Reagent.—Dry pentamethylquercetin (225 mg.) was dissolved in 
anhydrous acetone and the solution made up to 100 c.c. with same solvent. 
For this purpose acetone (extra pure) was dehydrated by standing over fused 
calcium chloride for 72 hours and then distilled under anhydrous conditions. 


(2) Boric Acid.—A pure sample of boric acid was finely powdered and 
dried in a steam oven for 6hours. 200mg. of the acid was accurately 
weighed out, dissolved in anhydrous acetone and the solution made 
up to 100 c.c. with the same solvent. 5 c.c. of this solution was diluted to 
25 c.c. with the same solvent and used as the standard. 


(3) Citric Acid.—Citric acid (pure) crystals were finely powdered and 
dehydrated by drying in a steam oven for 30 hours. 50g. of the acid were 
dissolved in 500 c.c. of anhydrous acetone and the solution was filtered rapidly 
through a plug of cotton wool, to remove some finely divided insoluble 
material. 

In preparing the above solutions carefully dried apparatus was used and 
the solutions were kept in well-stoppered dry bottles. 


(4) Potassium chromate—1-0 g. of potassium chromate (A.R) was 
weighed accurately, dissolved in water and the solution made up to 100 c.c. 
with water. 20 c.c. of the solution was pipetted out and diluted to 100 c.c. 
with water. The latter solution was employed in the experiments. 


Preliminary Investigation 


The colour (yellow) was developed by adding to a measured volume of 
the boric acid solution an excess of the reagent solution—more than one mole- 
cular proportion—and then diluting to volume with the 10% citric acid solu- 
tion. 

As the various aspects of this colour reaction had not been studied before, 
they were investigated now and the results are reported below :— 


1. No colour was developed until the citric acid solution was added. 


2. The yellow colour developed was progressively reduced in intensity 
and it finally disappeared altogether on dilution with anhydrous acetone 
free from citric acid. Experiments showed that this could not be a mere 
dilution effect. 

3. Attempts to use the Lovibond tintometer for the measurement of 
colour and investigation of its variation, if any, with time were not successful 
on account of the volatility of the solvent at the temperatures obtaining in the 
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tintometer and also due to the rapid absorption of moisture of the citric acid 
solution. 


4. Experiments carried out with the Duboscq type of colorimeter 
(balancing method) gave satisfactory results with identical solutions. With 
solutions which differed slightly in concentration of boric acid, however, erratic 
results were obtained showing thereby that Beer’s Law does not hold good. 


5. The intensity of colour in a given case depended on the actual amount 
of reagent solution added and possibly also on the amount of citric acid solu- 
tion employed so that for good reproducibility definite conditions had to be 
prescribed. 


6. The duplication method was more successful than the balancing 
method but here again the same factors as in (3) above precluded satisfactory 
results. Consequently it was necessary to work with closed vessels and with 
the minimum of exposure to air. 


7. With quantities of boric acid less than 0:4 mg. the yellow colour 
developed was considerably reduced in intensity on dilution to 25 c.c. with 
the citric acid solution. Experiments showed that the magnitude of this 
reduction was quite out of proportion to what may be expected on the basis 
of dilution. With 0-4 mg. and above of boric acid apparently this did not 
occur. From this it appears that different final dilutions must be adopted 
depending on the amount of boric acid present in the test. 


8. The yellow colours obtained resembled closely, though not 
perfectly, the pure yellow of potassium chromate solutions so that the 
former could be matched with the latter. In this manner permanent standards 
for use in routine work could be easily prepared. 


Based on the above results the following empirical method has been 
worked out for the approximate estimation of small quantities of boric acid 
ranging from 0-4 to 1-8 mg. 


Procedure 


An aliquot part of the standard boric acid solution was pipetted out into 
a dry 50 c.c. Nessler cylinder having a graduation at 25 c.c., 5 c.c. of the 
reagent solution added and the volume: made up to the 25 c.c. mark with the _ 
citric acid solution. After stirring, the cylinder was tightly corked. 15-20 c.c. 
of water were placed in another cylinder of the same dimensions and the match- 
ing was carried out by adding the standard chromate solution from the burette 
in the usual manner for the duplication method. Except during actual match- 
ing the cylinder containing the test solution was kept corked. The match- 
ing was repeated three or four times in each case. With quantities of 
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boric acid of the order of 1-2 mg. and above, the intensities of the yellow 
colour, when the whole of the solution (25 c.c.) was employed, were felt 
to be too deep for satisfactory matching. In these cases, therefore, after 
making up to 25 c.c. with the citric acid solution, the volume was halved 
using a measuring cylinder and the matching carried out. The total intensity 
(for 25 c.c.) was obtained in terms of the chromate solution by doubling 
the value obtained. 
Results 


The results obtained are recorded in Table I. The amounts of boric 
acid were plotted against the mean volumes of the chromate solution and 
a mean curve was drawn (cf. Graph). To evaluate the magnitude of the 


TAa_eE I 
Boric acid Potassium Mean volume Pot. ag Deviation 
rors cae es Ney: (interpolated) 0 
1 2 | 3 | 4 5 
0:4 3-2 3°4 3-4 nil 
3:3 
3-7 
0°6 6:1 6-1 6:1 nil 
5:9 
6:3 
0:8 7-9 7:6 8-0 —5:0 
7:4 
7:6 
1-0 9:8 9-8 9-5 +3-2 
9-8 
9-9 
1-2* 11:0 11-1 10-8 +2°8 
11-4 
10°9 
1-4* 11°8 12:3 12-1 +1-7 
12-4 
12:6 
1-6°* 13-2 12:9 13-2 —2°3 
12:4 
13°2 
1-8* 14-0 14-1 14-3 —1-4 
14-0 
14-4 


* After developing colour only half the test solution was employed for matching. 
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errors in matching, the mean volumes of the chromate solution correspond- 
ing to the boric acid taken were obtained by interpolation on the graph 


OneStat Okan 6 RAI TESTS manele, 
————~ Potassium Chromate (¢.c.) ——» 


and are recorded in column 4. The percentage deviation of the mean 
volumes (experimental) from the interpolated figures was then calculated and 
the results are recorded in column 5. 

In order to test the relationship thus established, the colour was 
developed with other known quantities of boric acid and then matched with 
the chromate solution as before. From the mean volume of the chromate 
solution required, the amount of boric acid was read out from the graph. 
The results obtained are given in Table I. 


TABLE II 
Boric acid Potassium Mean Boric acid 
taken chromate volume found Error 
mg. (Ree Cc; mg. % 
—____-.?.R _c-nqwKreree 
1 2 | 3 | 4 5 
a a a 
0-48 5:5 5-6 . : 
55 0°55 +14-6 
5-7 
0-68 6°5 6:7 . : 
rae 0-65 Sahay: 
6:8 
1-48* 13-9 13-8 : 
a6 1-7 +149 
13-9 


* After developing colour only half the test solution was employed for matching. 
Discussion 


The figures given in Table I, column 2, show a variation of 0-5 cc in 
matching except in two cases where it reaches 0:8 c.c. This increase obviously 
arises from the fact that the errors in matching are multiplied by two (vide 
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supra) according to the procedure adopted. The maximum deviation from the 
mean volumes (column 3) is only 0-5 c.c. Thus the figures in column 2 when 
compared with the mean volumes represent maximum errors in matching 
of about 15 and 3-5% on the lowest and highest limits of boric acid respec- 
tively. However, the deviations of the mean volumes from the mean curve 
range from 0 to 5-0% (cf. columns 4 and 5) so that if the mean volumes are 
employed for interpolation on the graph the deviation from the truth due to 
errors in matching does not exceed 5:0%. 


The results given in Table II, however, show a maximum error of about 
15% in the estimation of boric acid by interpolation of the mean volumes 
(column 3) on the graph. It appears probable that the higher error is partly 
due to the difficulty in measuring small volumes of boric acid solution in the 
highly volatile solvent, acetone. It may, however, be pointed out in this con- 
nection that errors as high as 10% are not unusual in visual colorimetric 
methods. 


Regarding the mechanism of the reaction the following may be men- 
tioned :— 


In aqueous solutions boric acid reacts with polyhydroxy compounds 
such as glycerine, mannitol, etc., to form simple esters; with the o-hydroxy 
carbonyl compounds and in presence of the dehydrating agent, sulphuric 
acid, however, it yields inner complex (chelate) esters. The interaction of 
boric acid with the O-Hydroxy-carbonyl compounds, viz., 5-hydroxy-flavones 
and -flavonols and the 2-hydroxy-chalkones, in presence of anhydrous citric 
acid may perhaps be explained on the assumption that the latter serves as a 
dehydrant, though the possibility of interaction between the hydroxy acid 
(citric acid) and boric acid as a preliminary to the former reaction could not 
be altogether ignored. The mechanism of the interaction of boric acid with 
the 5-methyl ethers of the above hydroxy-flavones and-flavonols and 2-methyl 
ethers of the above hydroxy-chalkones is obviously more complicated as no 
free hydroxyl, ortho to the carbonyl group, is available in any one of these 
compounds. The part played by the anhydrous citric acid is itself not quite 
clear and consequently the disappearance of colour on dilution with acetone, 
free from citric acid, could not be explained. The available evidence is 
meagre and hence the reaction must be regarded as empirical at present. 


Regarding the method itself the following points may be considered :— 


1. The use of the highly volatile solvent, acetone is apparently a serious 
disadvantage but it is of interest to note in this connection that even the more 
volatile ether is used for the extraction of nickel dimethyl glyoxime complex 
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in colorimetric work.®* The use of a less volatile solvent is an obvious 
solution of the difficulty but the choice is limited by the solubilities of the 
substances involved and also by the fact that hydroxylic solvents could not 
be employed. 

The present method possesses the advantage that the blank is practically 
colourless whereas in the three colorimetric methods referred to already the 
blanks are coloured. Its chief advantage, however, is in its rapidity as 
compared with the turmeric and curcumin methods (Joc. cit.), although the 
results obtained are only approximate. 


3. The need for the rigorous exclusion of moisture is apparently a serious 
drawback of the method, but it may be pointed out that the drying of the 
reagents can be readily accomplished and the time taken in drying the few 
pieces of apparatus could not be regarded as of serious consequence. Fur- 
ther the need for stoppering the Nessler cylinder containing the test solution 
except during matching is not a great inconvenience in practice. 


Summary 


A new method for the approximate colorimetric estimation of boric acid 
depending on the yellow cU “uration yielded by boric acid with pentamethyl- 
quercetin in presence of citri. acid in anhydrous acetone medium has been 
described. The method is empirical in character and gives results with a 
maximum error of about 15% with quantities of boric acid ranging from 0:4 
to 1-8 mg. 


The authors wish to express their thanks to Professor T. R. Seshadri 
for valuable help rendered. in the course of this investigation. 
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7. Introduction 


POIssON distribution like the binomial, contains only one parameter and is 
of very wide application in statistical work. The usual estimate for the 
parameter is the sample arithmetic mean obtained by the method of maxi- 
mum likelihood. The method of least squares yields in this case an estimate 
that cannot be expressed as a convenient function of the observed values. 
A slight modification in the method of approach to the problem of estimation 
allows a direct application of the least square principle and gives an esti- 
mate which is elegant though not as simple as the maximum likelihood 
estimate. A discussion on the estimate so obtained is given in this paper. 


2. Estimate for m 


Let the population frequencies be denoted by 


N:-m* e-” 
ieee ely (k= 0, 1; 2; Pei (1) 
and the observed frequencies by 
Ya (k= 0, 1, 2,-+°) (2) 


Also 
N= ot Vit Yots +) 
We have in the population 
m | 
Yen=g1 *A (3) 


Since the relation (3) exists in the population, we shall assume that 
in a sample also an approximately similar relationship holds good. Hence 


Yew= Ep Yet (kK=0,1-2-D 
where the ¢’s are small. To estimate m we minimise 
na—1 n=-1 m 2 
a Seam [Ye pry 
4 179 


Al 
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By differentiation, we get the required estimate 


"S De Yarlk+ DI 
ar eal ae : (5) 


n—~1 
ZS [yg2/(k+ 17] 
0 
It may be interesting to note that in the case of the binomial distribution 


{hemes 
Yaaro dep 


Using the method adopted above the estimate for p is 
n—k n—k_\? n—k 
Ay Va Vern I 24%) as a rem | Years]: 
The statistics m, satisfies the criterion of consistence, for the population value 
of m, is given by 


Nie. Sh me+1 
SCZ IT te ow 
N?-e-2”- r Le 


T (kK+2)- 1 (k+2) 
Though the statistic is a consistent one, it is clear that it does not satisfy 
the criterion of sufficiency. 


3. Efficiency of mg, 
To determine the efficiency of the estimate m,, we proceed to calculate 
the standard error of m, in large samples. 


We have 
m,= u/v where (6) 


u= 2 ye Yasallk+ 1); v= F y(k+ 1) 
Ct) 
Also let 
U=2 Yp-Yaslk+); V=E Y,/(k+4 1)? 
ct) 0 


~~ 
~S 


In repeated samples, let us denote the small variation in the class 
frequency y, by 8y, (k=0, 1, 2,---) and the ome variations in u, 
V, Ms, by du, dv and Sm, respectively. Hence 


Ye= Yuet Syz (k= 0, 1,++ +00) T 
u =U+ du, v= V+ aed Mz= m+ Sm. (8) 
* We shall assume that m, denotes the max. likelihood estimate, viz., 


my, = ot w+ s+ +yp)/n 
t We assume yz = 0 (k =n +1, + 2,-+°), 
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From (6) and (8) we have 


V- dm, = 5u— my: dy. (9) 
Further, 
eaten BE Ss Sp Ye41° 5¥e]+ (K+ 1) (10) 
ae [2¥2°Syg] + (K+ 1)2. (11) 
Using (10), (11) and (3) in (9), we have, 
Y¥ ¥ 
V-S1y= 2 [ $= FET -5y4— V4 By (12) 
Let 
= Nps4 Oe +1 
bee ER (13) 
Equation (12) can now be written as 
V: Sin — 3 Pg: SVz— Y1°-8Yo. (14) 


Squaring (14) and taking expectations, 


V2-E (8m,2) = 5 P,?E (8yz%) + Y42-E (3y,2) 
ne 


— 2Y 2) Py E (Sq byg) + ae P,°P;E (8y2-8y,) (15) 
1 7 
Since 
BE y,))= Y,°(1—Y,/N) and 
E (dyz-5y,;)=— Y,z°Y,/N (k + j) 


Equation (15) becomes, 


V2-0y t= S Py Yar Y42*Y4 


ok [Beever Bry p-vey—2ve¥, Fr, Via Yo*¥,"] 
RF 
=F PB Yet YY (16) 


Substituting the value of Pz, we get after reduction, 
o 734-1 ass mek copy 2h — 2 
SURES, +5 
mek. RIUEED® ~ (EDS 


ge Pern] 


* We assume that o, and a» are the standard errors of m, and my respectively. 
Ala 


(17) 
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It has not been possible to obtain o, in terms of elementary functions. 
The denominator can be expressed in terms of known series, it being equal to 
Eta (2m) — 1]? m* 
where I, (2m) is the Bessel Function of order zero with a purely imaginary 
argument. However the other series are rapidly converging and for parti- 
cular values of m the sum may be calculated to any degree of accuracy. 


The standard error of m,, makes it possible to calculate the efficiency 
E of m,, the standard error of the maximum likelihood estimate being equal 
to m/N 
E= 0,?/o,7. (18) 
For small values of m Table I below gives E. For large values of 
m the numerical calculation is heavy and hence we proceed to find an 
asymptotic formula for E. 
The asymptotic expansions for the several series in equation (17) are 


as tollows :— 
e*” [1+ 0 (1/m)] 


cine [1+ 0) (3 frat) anda aeons 

‘ k- (k1)8 om : Ae (27 V3 m ) (20) 
oa m* e” [1 ~- 2/9m-+ 0 (1/m?) q 
D ECEED! ~~ Barve ee 
ea m*-2 eT) 4. 1/9m+ 0 (1/m?) 

+ (kD ~ 2a-m*+ 4/3 | (42) 


x 


Using these expansions, we get 

E= 3+ 4/3/8 = 0°6495. 

TABLE I 
Efficiency of mg 

ig) ean we. = Dee Rh OG aa 1. 
m 560) 1) 7 1 Lis: %y 3 4 5 10 As 
E monn ol *4929° +3617 «+3182. +3542) +4481 «Ss «5215 - 5583 +5910 -6495 
ee Eee 

4. Numerical Illustration 


In the example given below both m, and m, are calculated and the 
corresponding values of the frequencies tabled and compared. t 


t See Asymptotic Developments of Functions defined b i 
x unc y Series, W. 3 
For (20), (21) and (22) see appendix. pare gee 


{ The example is taken from The Theory of Probability, Jeffries, p. 59. 


' 
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TABLE II 
The Frequency of Nuclei of Condensation in Aitken Dust Counter 


Number ba es ae O 1 2 3 4 5 6 7 8 
Observed Frequency Us BAN eS 56 88 95 73 40 17 5 3 
Calculated Frequency— 
1. m, ( =2°93) a RLS 65 88 82 61 38 21 10 4 
2. my ( =2-99) ie P20 60 90 90 67 40 20 9 3 
Deviations— 
1. Based on m, BE On ee Se a 13 12 ee eT 
2. Based on m, He . 3 —4 ,.-2 5 6 Oo -3 —4 0 


Root mean square when 7m, is the estimate = 7:0 
do. Mg do. 5°), 


5. Conclusion 


The object of this paper has been to get an estimate for the parameter 
in the Poisson distribution, based on the method of least squares. The statis- 
tic obtained is found to satisfy the condition of consistence; it is, however, 
not a sufficient statistic. Its standard error has been found and its efficiency 
determined, and an asymptotic value for the latter obtained. 


In conclusion, the author wishes to thank Dr. U. Sivaraman Nair for his 
kind help in the preparation of this paper. The author is also grateful to the 
University of Travancore for allowing him to carry on this work. 


6. Mathematical Appendix 


In what follows we shall prove a theorem pertaining to the asymptotic 
development of the function F (z) defined by the series, 


ee niny sr 
FO=2 rerayr ital Fay 
The asymptotic expansion is based on the three Theorems given 
below§: 
Theorem I. If the co-efficient g (n) of the power series 


A= Sg (n)-2”; radius of convergence> 0 (1) 
i) 


may be considered as a function g (w) of the complex variable w= x-+ iy 
and as such satisfies the two following conditions when considered through- 
out any arbitrary right half plane x > x9: 


§ See Asymptotic Developments, Ford, pp. 4, 30. 
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(a) is single valued and analytic, 
(b) is such that for all | y| sufficiently large one may write 
|g («+ iy)| < K-eel?l (2) 


where « is an arbitrarily small positive quantity given in advance and where 
K depends only upon x, and «, then the function f(z) defined by (1) is 
analytic throughout any sector S (vertex at the origin) of the z-plane which 
does not include the positive half of the real axis and f (z) within S is 
developable asymptotically as follows :— 


f@~ -3 g(—n)|2” (3) 


Theorem II. If condition (6) stated in Theorem I is changed to 
(c) g(w) is such that for all || sufficiently large one may write 


|g (x+ iy)| < K-eltt+© [y| 


other condition remaining the same, then the function f(z) defined in (1), 
when considered throughout any sector S (vertex at the origin) of the 
z-plane which does not contain the negative half of the real axis, may be 
expressed in the form 


f= f sox dx- BEG + 4) (5) 


in which | is any positive integer >1 and 


lim z — co z! €;(z)=0. 


Theorem III. Let P(w) be a function of the complex variable 
w=x-+iy, which is single valued and analytic throughout the half plane 
X> Xo, where xX» has some negative value previously assigned; also ‘suppose 
that as w—» co along any ray emanating from the origin upon which 
—7/2 <argw<z7/2, the same function satisfies the following condition 
in which c is a constant whose value is independent of the ray selected: 


lim w—> co P(w)=c 
then, as Z—> eo along any ray emanating from the origin in the z-plane upon 
which — 7/2 < arg z < 7/2, we shall have, 


A ary PP (x)-2*-1 
lim. e aor Ga ax=c ; (6) 
0 


2>Co 


where the integration is understood to be along the real axis. 
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Using these three theorems we proceed to prove :— 


Theorem IV. Let F (z) be a function of the complex variable z defined 

by the series 
h (n) (7) 

o f (a+ a) L (n+ a) LT (n+ ay 
in which a;, a2, ds are constants and in which h(n) may be regarded as 
a function 4 (w) of the complex variable w= x-- iy and as such satisfies 
the two following conditions :— 

(a) h(w)/T (wt a): (w+ a,):T (w+ az) is a single valued, analytic 
function of w throughout the finite w-plane, 


Fag) = = 


(b). h(w) is such that, when considered for values of w of large modulus 
lying in the right half plane R (w)= x > x 9 where x, is some assignable 
number, it may be expressed in the form 


1b T (wth) , 8 (w,s)'T (wtb) 


ea Fes (8) 
. in which the 6,’s are constants and lim. 6 (vw, s)=0 (s=='0; 1)! 
w>oco 


Then F (z) has the following asymptotic development 


e* pa C 
ana 9 1S ad en Yee iB 
As Rete ey [2 as | a/6 < arg 2 <= a 
where P=, + Ag+ ag— 2. (9) 
Proof.* Let f(z) be the function defined by the series 
fQ=S er, (10) 
f h (n/3) (11) 
where 8()= Tap) pay T G34 a) 1 (ps ay) 
We have 
Bid frees) fe "*) (12) 


so that our problem reduces to that of obtaining asymptotic expansions for 
the series occurring in (12). 
g (n) satisfies the conditions given in Theorem I and hence for all z of 
large modulus peg upon any ray for which 7/2 < arg z < 3m/2, 
h (— n/3) 3 
f@)~ ap Gane hey TiC aa Canta ants 


* The method of proof closely follows that adopted by Walter B. Ford in Asymptotic 
Developments, pp. 73. 
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g (n) also satisfies the condition given in Theorem II and hence for all z of large 
modulus lying on any ray for which —a < arg Zz <7, 


h (—n/3) ‘ 
BOA INIA i 7 —n]3+a,)°1'(—n/3 +4.) : I( —n/3-+-a3)° 2h 12) 0s) 


where 


fu h (x/3)-2* 15 
eee = f res a) I (x/3-+ ay)" Tecate (I) 


ae 


and lim z—> co z’:«, (z)=0 
I being any arbitrarily large positive integer. 
In order to study the behaviour of Q(z, /) when z is large let us put 
p=@+ Get ag—2 (16) 
and then write (15) in the form 
Oe p= DP (xt pt l):h(x/3) 2* dx 7) 


i-4 DT’ (x/3 +4,)- I’ (x/3 +a) a (x/3-Fas) ee “(x+p +h) 


Let us change the variable from x to t by the transformation x+p=t. 
Then we have 


ca 
é 


bs rn ay 7 eae 
Q@D= 7 (staat (S40) (Pea) as) Tarn! 
p—I-}4 


in which the path of integration extends from the point t= p—I—1/2 to 
infinity in the direction of the positive real axis of f. 


Now, 


Tita) = 1/3)-I"(t/3 + 2/3)-T (t/3+ 1). 


Using this result in (18) 


—p 
Q (z, Da me af. ie Ater Nes dt 


ray 


f aye 
in which 


H (j=. ett) I (t/3+ 2/3)-T (t/3+ 1) 


(Gein) (Gen ae 
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Using Stirling’s formula and recalling (16), H(t) can be expanded as a 
factorial series. Hence, using (8) we write 


Gy de P(t+1), o(t,8)-P 41) 
a) n( 3 ) eC. T Gn) PF (t+s+ 1) 
where the C,,’s are constants and o (t, s)=0-(s=0, 1,2 +++) as treo along 
any ray from t= 0 in the positive half of the ¢ axis. 


Hence we write 


cog 

aed [2 (3z) o (t, s) (3z) : 

aigaez bce f rernen et a Ge ee 
p—l—4 —} 

Making use of Theorem II we get, 


cae (32)" 1 
o-\ rere ergy ete 
pt+n—I—} 
where 
lim z —>oco z':6 (z, L)=Oand —a7 < argz <a, 

and L denotes the greatest integer in ]— n—R (p)— 1/2, the path of inte- 
gration extending to infinity in the direction of the positive real axis of w. 
By proper choice of J, L may be made independent of n.and we then get 


dint’ 7, eee o(Z,.L)== O-for 20, bi 2; +e 
Hence we get 


7 (3z)’ yo e 
Sf reenry ay [+ 0(z, 1] 
: 


Poi 
where lim, ., ., 2*:@ (z, L)=90 fot Tey Le 2 


Thus the sum in (19) reduces to 


[baht of *} 


Also applying Theorem IIf the integral in (19) may be shown to be zero. 
Thus . 
Z, 5) 
Gz), | 


4/3 e* Ce 
Q @, L)= SER, [2 (3z)” 


where lim,...7 (z, 5)= 0. 
Using this result in us we finally oo 


op h(—nj3) z* 
fO~ <a “ane > Ta afsy Tay — 113) (ag 3) 
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when —7/2 < argz<7/2. Further we note that 

h (—n/3) 
I’ (a, — n/3): T° (ag— n/3)-LP (ag — n/3)-2” 
can be developed asymptotically in the form 


One eens 


ze ¥.y 


when —7/2 < argz<7/2. Thus we finally get 
Ae Ze Ce 
f@~ a Fae 
Substituting ze?" and z-e-2”/8 for z in (20) and summing the three expres- 
sions so obtained we get 


82 
FQ) a e ae 


V5 in ab Gz” 

It will be clear that the region for which the expansion remains valid 
is —7/6 < argz< 7/6. 

The series (20), (21) and (22) required in the body of the paper are only 
particular cases of F(z). Thus to get the asymptotic expansion of series 
in (20), we have 


3% 


oc) bs 
Ee) > TE (ged alo CST Cagle 
Here 
h (n) = 1Jn, a, = ag = ag= 1, and hence p= 1. 
H()= P (t/3 + 1/3)-F (t/3 + 2/3)-T (t/3 + 132: 
I (t/3+ 2/3)-T (t/3+ 2/3) 1 34 2/3) 
Now 


log I’ (x+ A) = 4 log 27+ x log x— x+ B, (A) log x 
B (A) 
ag Si +1 
ei n (n+ 1) x® 
where B’s are Bernoulli’s polynomials of order n. Hence we get 


B, (1/3) + By (1) — 
log H () = 22 U/ Pa: 2Bs (2/3) sg ayn, 


Using 
B, (h)= h?—h+ 1/6 
we get 
log H (t)= 1/3t+ 0 (1/t?). 
Hence 


H (1) = et 34+00*) 
= 1+ 1/3t +0 (1/t%), 


A Note on Potsson Distribution 189 


Therefore 
foal 3 1 ; 
HOA(S-)= G+ The ESI alll 


Converting the above into factorial series we get 


pet 3 7 
H On" )=s57+ ceases DGD TOU. 
Thus 
| CoM = 3G, a Tylete: 
Hence 
as 
BG) 7 ee + yn +0 (1/2*)] 


Similarly the asymptotic expansions for (21) and (22) are obtained. 
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7. Introduction 


THE problem of determining the resultant of the secondary radiations 
emitted by a cloud of similar particles under the action of a primary wave is an 
important one in the field of optics. It might be supposed that when there are 
a large number, n, of such particles, distributed at random, the resultant in- 
tensity is just times that due to a single particle. The late Lord Rayleigh 
(1871), however, showed that this is far from being the case, and that the 
resultant in any particular trial may be anywhere between o and n®, and does 
not show any tendency to close upon the value n. He has also investigated 
(1880) the probability that the resultant intensity may lie between assigned 
limits of magnitude, and has derived an expression for the distribution of the 
resultant intensity. 


In a general way, the existence of such fluctuations of intensity is illus- 
trated by the well-known experiment of using a glass plate on which lycopo- 
dium powder is dusted as the diffraction screen, and viewing a source of light 
through it. The effects observed depend greatly on the size of the source and 
its spectral nature. Even as early as 1877, Exner observed the existence of 
radial streaks such as those shown in Fig. 3 (a), Plate I, when the corona is 
seen in white light. More recently, Laue (1916, 1917) and de Haas (1918) have 
observed the fluctuations in monochromatic light. In this case, the radial 
fibres reduce to a “mottled structure” of the type shown in Fig. 3 (d).* 
Laue ’s studies led him to suppose that the phenomena could not be comple- 
tely explained on the basis of classical wave-optics. This contention was 
disputed by de Haas, who performed further experiments supporting the 
view that the phenomena are explicable on wave-principles. 


In this paper, some theoretical considerations are presented regarding 
the nature of the fluctuations, and experiments performed with a view to 


* This will hereafter be referred to also as the “ k 
€ ne- 2 “ > 
corned fine-structure”? or “structure” of the 
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substantiate the theory are also described. It is found, as is shown below, 
that de Haas’s explanation of the phenomena is inadequate, and does not 
go to the root of the problem. In particular, the Rayleigh statistical law of 
distribution of intensity has been quantitatively verified for the first time, 
making use of the fluctuations of intensity in the corona as the basis for 
measurement. 


2. The Nature of the Fluctuations in Monochromatic Light 


de Haas’s explanation of the mottled structure consists in considering 
every pair of particles to give rise to a set of interference fringes crossing 
the field. These are superposed, and produce fluctuations of intensity. 
This explanation, however, is wholly inadequate. In fact, when the number 
of particles is very large, one must take the aggregate effect of all the particles 
into account and not merely the effect due to pairs of particles. Each 
particle gives rise to a corona of its own, and the resultant intensity in any 
direction is due to the collective action of the wave-fronts diffracted by all 
the particles in that direction. 


The failure of the de Haas point of view may be brought out strikingly 
by the following analogy. Suppose we are considering the opposite case of 
a regular square diffraction grating, formed for example by a square mesh 
of wires. In this case, one may take each pair of meshes in the grating, 
and imagine it as giving rise to a set of interference fringes of the type imagin- 
ed by de Haas. But, such a method gives us no idea at all of what the nature 
of diffraction pattern due to the complete grating would be. The latter could 
be determined only by taking the waves diffracted by all the meshes simul- 
teneously into account and finding their total effect. In those directions 
in which all these waves reinforce, we get bright spots; while elsewhere we 


have dark areas. 


In the same way, with the lycopodium powder also, one has to consider 
the waves diffracted by all the particles together. Each particle becomes 
the centre of secondary radiation, and in those directions in which the phase 
relations between the waves diffracted by the particles happen to be such 
that there is a large co-operative effect, there will be bright spots. Since the 
positions of the particles on the screen are unknown, one cannot determine 
the positions of these maxima of intensity ; but it is easily seen that there must 
be a large number of such spots irregularly arranged in the field of view. 


We now proceed to show that these spots are in fact as sharply defined 
as the original image of the source formed by a lens whose aperture 
is the same as that of the diffracting screen. Consider a point P in 

A2 
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the focal plane of the camera where due to the co-operative action of the 
waves from the various particles, we have a large intensity, say Ip.- The 


amplitude at this point will be up= x em where Pm is the phase of the mth 


1 
particle on the screen, and the summation is done for all the n particles 
present, it being assumed that the amplitude due to each particle is unity. 


Therefore, 
Ip= (2 cos p,,)? + (3 SiN PD»)? = n-+ x cos (Pp, — Ps): (1) 
1 1 1 


r=1s= 
Consider now a neighbouring point P’. At this point, the phases of the 
waves from the various particles would bs altered. Let the alteration of 
phase for the mth particle be 5,,. Then, the amplitude at P’ is 


n a . 
Up = &' cm e’5™, and the intensity is 
2 


2 
. 


Ip = E COS (Py + Sm) | + B SIN (Pm + 5m) | (2) 
1 1 


This can be expressed in the form 
Ip =n +22 cos (8,— 5,) COS (py— P;) + YY 4, sin (p, — p,). 


If the 8’s are small, this can be put in the form 


Iw = [n+ 32 cos (p,— p,) | +228, 8, cos (p,— p,) 
+ 328, sin (p,— p,). 3) 
The second term is negligible, since it involves second order terms, so that 
Ty —lp= a 2 3, sin (Pr— Ds): (4) 
r=1s=>1 
Now, sin (p,— ps) is of the same order of magnitude as cos (p,— p,), so that 


2% 4, sin (p,— p,) is of a lower order compared with 2'2 cos (p,— p,) which 
is the order of Ip. Thus, if 8 is small, (Ip-— Ip) is small compared with Tp. 


Now, if we denote by 6¢ the angular separation of P and P’, then the largest 
value of 6, or 5, is given by 7b 8¢/A, where b is the width of the diffraction 
screen, and A the wave-length of light. It is evident from (4) that Ip does 
not sensibly differ from Ip over a range of values of 56 within which the largest 
of the 8’s does not exceed a fraction of 2m, and over this range of angles, the 
large intensity at P will persist. Putting the maximum value of the 8’s for 
this to happen as, say, 7/4 one.gets the width of the bright spot as. 


1A 
ned aig (5) 
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Thus, the angular width of the bright spot is of the order of A/b. Now, it 
is well known that the diffraction image due to a lens of aperture b also 
extends over an angle of the order of A/b, so that the bright spot at P will 
be of the same sharpness as an image of the source formed by a lens of 
aperture 5, 


‘The argument used in the above discussion is, however, not restricted 
to the case when the intensity at P is a maximum. Actually, it is true what- 
ever may be the intensity at P, so that one sees that the corona must actually 
consist of spots whose extension is of the same size as that of the image of 
the source. We have proved above that these images would not be spread 
out by an extent more than the aperture of the lens, so that we must expect 
the fine-structure to consist of sharp and well-defined images of the original 
source distributed at random. They are in fact the spectra formed by the 
irregular arrangement of the sources of secondary radiation produced by the 
particles. 


Another interesting result, regarding the number of such spots in 
the field of view, comes out of the above discussion. As already remarked, 
the extent of the individual spots is given by the width of the aperture. 
Thus, we may divide the whole field of view into a number of areas, each 
of which is occupied by one spot. Now, on increasing the aperture, the area 
occupied by a spot decreases, so that more spots must appear in the field of 
view. To observe this phenomenon, the source of light must be small enough, 
so that the spots do not sensibly overlap. Otherwise, the fluctuations of inten- 
sity would all be wiped out by the overlapping, and the individual spots could 
not be discriminated. Under favourable conditions, however, the argument 
shows that the density or the number of spots per unit area must depend on 
the aperture employed, increasing with increase of its dimensions. 


3. Experimental Confirmation 


The verification of the above two deductions from the theory was done 
by the following experimental arrangement. The source of light, S (Fig. 1) 
was a pinhole, or an aperture of any size and shape as desired, which was 
illuminated by the filtered mercury radiation of 5461 A. U. At a certain 
distance from the source was placed a glass plate G, on which lycopodium 
powder was dusted. The resulting diffraction pattern could be brought to a 
focus on a plate C by a lens L. An aperture AB was placed in front of the 
lens, and its size and position could be adjusted. When necessary, the 
camera could be removed and the pattern directiy viewed with the eye. 


Initial visual observations using a small circular hole as the source 
showed that the spots in the corona are also all circular in shape and of the 
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same size as the original source. On increasing or decreasing the size of 
the pinhole, the spots in the field of view also correspondingly became 
larger or smaller showing that they are images of the source. But the most 
convincing proof of this fact was obtained by using a triangular slit as the 
source, when every one of the spots assumed a triangular shape, and besides 
had the same size and orientation as the source. Photographs were then 
taken to illustrate this fact. They are reproduced in Fig. 4 (a) and (bd), 
Plate I. Fig. 4 (a) was taken with a circular pinhole as the source, and 
Fig. 4 (6) with a triangular slit. They show in an unmistakeable manner 
that the spots are in reality images of the source. 

The second conclusion from the theory was also verified by observation. 


On increasing the area of the aperture, it was found that the number of spots 
in the field of view increased, and vice versa as demanded by the theory. 


4 


Fic. 1. Experimental Arrangement 


During these experiments, a few other interesting phenomena were 
observed which also find a ready explanation on the idea that the spots are 
the spectra produced by the collective diffraction by all the particles. 


(a) If one moves the screen containing the lycopodium powder keeping 
the eye fixed on the source, then the ring system is not found to undergo 
any change, but the fine-structure appears to move relative to the pattern of 
rings in the same direction as the motion of the screen. Vice versa, keeping 
the screen fixed, if one moves the eye, all the while looking at the source, then 
the fine-structure appears to move in a direction opposite to the motion of the 
eye. This effect is only the converse of the previous one. Also, if the screen 
is rotated, the fine-structure appears to rotate in the same direction. 


These effects can be explained as being purely due to the geometry of the 
arrangement. Since the pupil of the eye is small, the whole of the screen 
does not contribute to the diffraction pattern nor is every portion of the pattern 
produced by the same portion of the screen. If we consider the corona in a 
direction ¢ (Fig.1), the intensity in this direction is due only to the waves 
diffracted by the region QR of the screen. Hence, if the screen is moved up, the 
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same portion QR is now responsible for the corona in a direction ¢’ parallel 
to Q’A. This happens for every portion of the screen, so that the fine-struc- 
ture as a whole appears to move in the same direction as the screen relative 
to the rings. The effect of rotation is too obvious to need an explanation. 


(b) During these experiments, it was found that the fine-structure not 
only moved bodily in the same direction as the motion of the screen, but that 
there were some internal changes as well. To follow these, the bodily motion 
was avoided in the following way. The aperture AB was placed in contact 
with the screen, and the lens L of the camera was large enough so that the 
whole diffraction pattern was caught by it. In this way, the difficulty of 
different portions of the screen giving rise to different portions of the corona 
was overcome. The whole of the screen was always operative. Now, on 
moving the screen in its own plane, the fine-structure pattern at the focal 
plane of the lens did not show any bodily movement; but there was an 
internal rearrangement of the spots. 


This phenomenon could be explained as due to the fact that spherical 
waves are incident on the screen so that, on moving the screen in its own 
plane; the phase of the wave falling on each particle is altered. Thus, the 
phase relations between the waves emitted by different particles are changed, 
which leads to a change in the pattern of the spectra given by the particles 
and hence to a random rearrangement of the spots. 


It is obvious that these internal changes must vanish if the incident wave 
is plane, for then a movement of the plate in its own plane should produce 
no change in the phase relationship between the different particles. This 
was tested out experimentally and it was found that with parallel light inci- 
dent on the screen, the fine-structure pattern at the focal plane of the lens 
was entirely unaffected by moving the screen in its own plane. This shows 
that the explanation given above for the internal motion of the spots is correct. 


(c) The phenomenon of the internal rearrangement of the spots can 
be observed with the eye also, if the aperture AB is made sufficiently small. 
In this case, on moving the aperture over the screen, different portions of the 
screen are operative, and since the arrangement of the particles in these are 
different, the spots in the field of view exhibit a beautiful ‘“‘dance”. The 
appearance is somewhat similar to that of the field of a spinthariscope, with 
bright spots appearing and disappearing at random positions. 


4, Fluctuations in White Light 


We have already shown how, in monochromatic light, the fine-structure 
consists of a series of images of the source. We now proceed to investigate 
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what happens if white light is used. Suppose that, with monochromatic 
light of wavelength A, there is a bright spot at P, in the direction ¢ (Fig. 1). 
In the diffracting screen, draw the X-axis parallel to OP, and the Y-axis 
perpendicular to it, and let (Xm, ¥_) be the co-ordinates of the mth particle on 
the screen with respect to these axes of co-ordinates. Then, (supposing the 
incident wave to be plane) the intensity in the direction ¢is equal to 

Dy eikim sin ¢ 


; (6) 


where k stands for 27/A. Now, supposing the wavelength of the light to be 
changed to A’, and that k’= 27/1’, then it is readily seen from the above 
expression that the value of the intensity is unaltered provided we change 
¢ to ¢’, such that 
k sind=k’' sin 4’, or sin ¢/A= sin ¢'/0’. (7) 
Hence, the bright spot, which was formerly at P, would now appear at 
another point P’ in the direction ¢’ given by expression (7) such that P’ lies 
along OP. This argument also is not restricted to the case when P is a bright 
spot, but is quite general. Hence, with an increase in the wavelength of 
the light, the whole pattern expands radially so that to every point P in 
the first case there is one, P’, in the second, such that 
ORD OR. 
At een (8) 
If white light is used, there will be a range of wavelengths, so that there 
will be no discrete spots, but each spot will be spread out into a 
radial streak, whose colour is violet at the inner end and red at the outer end. 
The length of every such streak will be directly proportional to its distance 
from the centre, the streaks further away from the centre being longer. 


. As already remarked, such radial fibres were actually observed in white 
light by Exner. The author has observed these carefully and has found that 
one can actually follow the spectral colours in the order violet to red in any 
single fibre, as one goes away from the centre. Very close to the centre of 
the field, however, one can observe a few white spots, since the dispersion 
in them is very small on account of their proximity to the centre. The length 
of the fibres (the distance from the violet to the red end) is found to be 
proportional to their distance from the centre, and the length of any fibre 


at a certain distance is found to be a constant, within the limits of the 
experimental error. 


In order to further demonstrate the correlation between the spots in 
monochromatic light, and the fibres in white light, the following experiment 
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was performed. A pointolite lamp was used to illuminate a fine 
pinhole, and a mercury green filter supplied by Adam Hilger & Co., was 
interposed. This transmitted only two bands, one in the green ahd the other 
in the red. The fine-structure now presented a beautiful appearance. The 
pattern was filled with red and green spots; but every green spot was accom- 
panied by a red one, the two being along a radius, and the red spot being the 
outer one. It was also verified that the ratio of the distances of the red 
and the green spots from the centre was a constant, and was equal to the 
ratio of the mean wavelengths of the red and green transmission bands. 


5. Verification of the Rayleigh Law of Fluctuations 


Lord Rayleigh (1880) derived an expression for the distribution of in- 
tensity in the resultant due to vibrations whose phases are at random. If the 
amplitude of a vibration is taken as unity, and as a special case, if the phases 
are assumed to have only either of values 0 or 7, then it follows directly from 
Bernoulli’s theorem that the chance of a positive amplitude between 


x and x+ 6 x is ae e124" $x. Inthe more general case of arbitrary phase, 


the probability that the resultant amplitude may lie between r and r+ Sr 
comes out as 


re ea aS (9) 


From this, it follows that the probability that the intensity may be between 
I and I +6] is 


1 x 
p()si=- gue ro. 1s (10) 


We can put this in a more convenient form. From (10), it can be shown 
that the average value of the intensity ism. Expressing I as a fraction f of 
the average value, i.e., putting I/n=f, (10) reduces to 


pif o7 ee" ef. | (11) 
This gives the probability that the resultant intensity may lie between the 


fractions f and f + 8/f of the average, and is the same function for all values 
of n. It is a maximum for f= 0, and decreases as f increases. 


This law can be verified by making use of the fine-structure in the corona. 
As already said, the fine-structure is produced as a result of the interference of 
the light diffracted by all the powder grains. The relative phases of these dif- 
fracted waves are not known but are distributed at random. Also, for dif- 
ferent angles, ¢, the phase relations are different, so that the whole pattern 
actually presents the effect of different combinations of these phase relations. 
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Hence, the resultant intensity in the pattern must show the same statistical 
law of fluctuations as demanded by Rayleigh’s theory. 


This was verified in the following way. A very fine pinhole illuminated 
by the mercury green radiation of 5461 A.U. was used as a source of light, 
and a picture of the central portion of the corona was taken with an exposure 
of two hours on a Selochrome plate. To obtain a standard of intensities, a 
square grating was used instead of the lycopodium screen, and the same 
exposure was given for the grating also. The grating gave a spectrum, the 
intensities of whose spots are calculable. The plates for the two photographs 
were obtained by cutting a single quarter plate into two. Both were developed 
simultaneously in the same developing bath for the same time. Thus, a strictly 
comparable scale of intensities was obtained for determining the intensity of 
the spots in the corona. The photographs of the corona and the standard 
grating spectra are reproduced in Fig. 5 (a) and 5 (db), Plate I, respectively. 


Now, in the corona, the average intensity falls away from the centre in 
the proportion J,? (x)/x? where x = 27a sin (¢)/A, a being the radius of the 
particle, the angle of diffraction, and A the wavelength of the light. The 
corona taken in the present case extended upto a value of x = 1-5, for which 
the average intensity was about half that at the entre. It was therefore divided 
into annular rings, the widths of which were all equal to x = 0-25) by 
drawing circles of radii corresponding to x =0-25, 0:5 etc. Within each 
ring, the value of J,? (x)/x? did not vary much, and the average value for a 
ring was taken to be correct for that ring. 


Using the grating spectrum, the intensity of whose spots could be cal- 
culated, an arbitrary scale of intensities was obtained. Then, the spots 
in each ring were classified into this scale, comparing them visually with the 
standard. The spots having an intensity less than 1 in the arbitrary scale, 
i.e., those that could not be differentiated with the eye were found by calculat- 
ing the total number of spots (dividing the area of the ring by the area of a 
spot) and subtracting from this the number of counted spots. Using this 
tabulated list, the average intensity (on the arbitrary scale) for that ring 
could be determined. Thus, the fraction of the total number of spots 
having an intensity between the fraction f, and fy of the average could be 
found. Dividing this by (f,— fz) we get the value of p (f) at (A+ ie 
Thus, p (f) was evaluated for certain values of f. This was done for four 
rings, viz., X = 0:25 to 0-50, 0:50 to 0-75, 0:75 to 1-00, and 1-00 to 1-25. 
These were plotted in a graph and are reproduced in Fig. 2. The continuous 
curve represents the theoretical curve calculated from theory, and the 
experimental values are plotted by points. 
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A final average of all these four rings was obtained by dividing the in- 
tensities of the spots in each by the value of J,2 (x)/x? for it, and then deter- 
mining p (f) and f taking them all into account. These are tabulated in the 
table below,-and are represented by black dots in Fig. 2. It is clearly seen 
that the experimental points fit the theoretical curve very well, considering 


a ee 


fc | P(f) | Theoretical Difference 
0°44 0-60 0:62 —0-02 
1:29 ° 0-33 0-28 +0-05 
2°13 0-14 0-12 +0-02 
3°45 0:02 0-03 —0:01 
6:25 0-002 0-002 vs 


A) 


Fic. 2. Verification of Rayleigh’s Statistical Law 


that the comparison of intensities was done visually. Rayleigh’s formula 
is therefore verified to be true for the distribution of intensity in the 
corona. rds ae Dar, oer ai 

6. Conclusion 


The above considerations regarding the fluctuations of intensity are 
true only for a static diffraction screen, i.e., one in which the phase. relations 
between the various particles is fixed in time. If the particles themselves 
are in motion, as ina gas or a cloud, then a continuous redistribution of 
phase takes place, and what one sees is the integrated effect of all these over 
a definite period. As Lord Rayleigh (1918) has shown, such a redistribution 
tends to make the resultant intensity (perceived as an average over a certain 
period) approach the average value n, this tendency being greater the larger 
the number of redistributions. Hence, for the light scattered by a gas, or a 

A3 
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cloud of particles, one is quite justified in regarding the scattered intensity in 
inclined directions as equal to n times that due to a single particle. 


If the motion of the particles is slow, then the alteration in the position 
‘of the spots in the fine-structure will also be slow, and can be observed. 
Such a slow random motion takes place in Brownian movement, so that 
it must be capable of detection by this technique. This possibility, which was 
suggested by Prof. Sir C. V. Raman, is now under investigation. 


I wish to express my sincere thanks to Prof. Sir C. V. Raman for sug- 
gesting the problem, and for the many helpful hints he gave during the 
investigation. 

7. Summary 


The fluctuations of light intensity in the diffraction corona produced 
by a large number of randomly distributed particles are investigated both 
theoretically and experimentally. The theoretical considerations show that 
the view put forward by de Haas is inadequate and that really the fluctu- 
ations arise owing to the interference of the waves diffracted by all the particles, 
which gives rise to a large number of sharp images of the source in monochro- 
matic light. In white light, these spots must spread out, and produce radial 
streaks. These deductions from theory are all borne out by experiment. 


Making use of the fluctuations of intensity in monochromatic light, 
verification has been made for the first time of Rayleigh’s statistical law of 
distribution of intensity in the resultant of n vibrations of arbitrary phase. 
It is shown that the resultant intensity shows no tendency to close upon the 
average Value,’ n, but that it is distributed over a wide range of values. 
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A VARIETY of Citrus limetta available in the northern and north-western parts 
of India during the hot weather has certain peculiar characteristics. It is 
quite juicy and the juice when carefully sucked out is almost insipid having 
only a faint sweet taste. But if the fruit should be crushed leading to pressure 
on the rags, the juice becomes exceedingly bitter. The bitter principle is pre- 
sent mainly in the rags. The thin peel which is rather difficult to remove 
is not so bitter. The seeds are very small. The external appearance of the 
fruits is quite similar to that of the sweet variety of Cirtus limetia 
(mussambi) common in Central and Western India and both go by the same 
common name, Mitta. The rind is yellow to orange in colour and smooth. 


A fruit weighs on an average 200 grams and the juice yield is 100 to 120 
grams (50 to 60%). The peels constitute 12-15%, the fresh rags 25-30% and 
the seeds about 0:7% of the fruit. The results of analysis of juice (average 
of several experiments) is as below: Brix 8-3°, reducing sugars 6-3%%, total 
sugars 6°3%, sucrose nil, acidity 0-01% as citric acid. Thus there is very 
little acid and though the sugar content is not very low, sucrose is absent and 
consequently sweetness is poor. 


The bitter principle was extracted from the rags by repeated treatment 
with cold alcohol and the extract concentrated to small bulk. With a view 
to detect the existence of more than one crystalline entity, the solid matter 
was isolated in fractions and then purified. By the addition of an equal 
volume of water to the alcoholic concentrate fraction (I) was obtained. 
Concentration of the mother-liquor during which most of the residual 
alcohol was evaporated, yielded fraction (II). The final mother-liquor (M) 
was separately examined. When fraction (I) was extracted with excess of 
boiling acetone, most of it dissolved leaving behind a very small quantity 
of resinous matter. On allowing the solution to concentrate a crystalline 
solid was obtained (fraction I A). Addition of water to the mother-liquor 
yielded an amorphous solid (fraction IB). Fraction (II) was also soluble in 
acetone and from it fractions (II A) and (II B) were obtained. 
201 
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Fraction (I A) was insoluble in water, sparingly soluble in alcohol and 
readily soluble in acetone. It was best crystallised from acetic acid from 
which it came out as colourless rectangular prisms and tablets. The 
substance charred and burnt when introduced into a flame and left no 
residue. It melted at 292-94° with decomposition. When an alcoholic 
solution of it was treated with magnesium and hydrochloric acid no red or 
orange colour was developed. A dilute aqueous alcoholic solution was 
quite bitter; [a]%°°, — 115+1° in acetone solution. From these properties 
it seemed to be limonin and this surmise was confirmed by careful 
comparison with an authentic sample of limonin obtained from the seeds 
of Indian shaddock! and determination of the mixed melting point. Frac- 
tions (1B), (11 A) and (IIB), when subjected to crystallisation, yielded the 
same product thereby showing that there was only one bitter principle in all 
of them. 


The aqueous mother-liquor (M) was made 7% acid with sulphuric acid 
and boiled for 2 hours. To start with there was a clear solution and at 
the end a dark brown resinous solid was found to have separated out. 
It was almost insoluble in acetone and an alcoholic extract (sparingly soluble 
in alcohol) gave no colour with magnesium and hydrochloric acid. No 
crystalline substance could be isolated from it. Thus the absence of narin- 
genin in the resinous matter and of naringin in the aqueous mother-liquor was 
estabilished. 


Consequently the only crystalline bitter principle of the above variety 
of Citrus limetta is limonin. This bitter substance has been formerly found 
to occur mainly in the seeds of the lemon, oranges and shaddock and it is 
invariably accompanied by more or less quantities of the closely related com- 
pound, isolimonin.*? 


It seems to be now clear that these complex bitter compounds of un- 
known constitution contribute also to the bitterness of the rags and peels of 
certain types of oranges. Isolimonin has been found by Higby? to be the main 
bitter component of the peels and rags of American Navel oranges and 
limonin to be present in the pulp of Valencia oranges. The present note 
records a further case of this kind. The constitution of limonin is quite 
indefinite. But its formula seems to be definite as CogH;,0s. Since the 
number of carbon atoms is near those of sterols and resinols, its reactions with 
the special reagents of these groups of compounds has now been studied. With 
the Liebermann-Burchard reagent it yields a very pale yellow solution. On 
the other hand, with the Salkowski reagent, the chloroform layer is colourless 
with a weak bluish violet fluorescence and the sulphuric acid layer first turns 
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yellowish brown and in the course of a few minutes becomes deep brown 
red. These characteristics are different from those of sterols and of resinols. 


Summary 


A variety of Citrus limetta has been found to contain limonin as_ the 
only bitter principle of the rags. The characteristics of the fruit 
and its juice are described. 
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IN the course of their study of the colouring matter of the flowers of Gossy- 
pium indicum, Neclakantam and Seshadri reported the isolation of a new 
non-glycosidic compound.! The total pigment of the flowers was separated 
into five fractions according to the general scheme and studied. The first 
alcohol fraction contained mainly gossypin, a complex glycoside of gossy- 
petin and the second (aqueous) fraction gave a small amount of the new 
substance which was not given any name at that time since it could not be 
studied in detail and its individuality was not quite definite. In the course 
of our examination of various samples of G. herbaceum flowers this substance 
has been again met with in small quantities and hence it occurs in this source 
also. Its main characteristics are (1) stability to aerial oxidation in alkaline 
solution thus indicating that it is a flavone, (2) lack of any colour changes in 
buffer solutions of pH on the alkaline side, (3) dissolution in concentrated 
sulphuric acid forming a yellow solution with a bright green fluorescence, 
(4) absence of any precipitate when an alcoholic solution is treated with neutral 
lead acetate, (5) formation of a yellow precipitate with basic lead 
acetate and (6) absence of methoxyl in its composition. These seemed to 
indicate that it was probably populnetin? and the idea was supported by the 
fact that populnetin occurs along with herbacetin in the flowers of Thespasia 
populnea® and hence could be expected to accompany it in the Indian cotton 
flowers also. But the melting point of the substance was rather low and 
the results of analysis were not definite due probably to the presence of in- 
separable impurities and the existence of hydration which seemed to vary with 
different conditions. The preparation and study of the acetyl derivative 
were not more helpful. The quantity available after these experiments was 
too small for further repeated purification and a detailed study independen tly. 
Consequently it was subjected to complete methylation using an acetone 
solution and excess of dimethyl sulphate and dilute sodium hydroxide. The 
product could be crystallised from alcohol from which it came out in 
the form of rectangular plates which were almost colourless. In its ‘melting 
point, reactions and analysis, it was found to be identical with a sample of 
tetramethyl populnetin (described below) obtained by methylating an 
204 


Pigments of Cotton Flowers—1IX 205 


authentic sample of populnetin isolated from T. populnea. It appears that 
definite purification is effected during methylation leading to the isolation of 
a pure methyl ether. The non-glycosidic substance should therefore con- 
sist mostly of populnetin. 


Methylation of Populnetin 


The flavone (1 g.) was dissolved in acetone (40 c.c.) and treated alternately 
in small quantities with 10% aqueous sodium hydroxide (50 c.c.) and dimethyl 
sulphate (10 c.c.). Finally the medium was made alkaline by the further 
addition of the alkali (50 c.c.) with vigorous shaking. In an hour an almost 
colourless crystalline compound separated out. It was filtered and recrys- 
tallised from alcohol using a little animal charcoal. Under the microscope 
it appeared as rectangular plates which were almost colourless. On heating 
it shrank at 95-100° (dehydration) and melted at 164-66°. It was insolu- 
ble in dilute alkali and did not yield any colour with ferric chloride. Its 
solution in concentrated sulphuric acid had a weak green fluorescence. 
[Found in the air-dried sample: C, 60-6; H, 6:2, and loss (H,O) on heating 
at 110° for 2 hours in vacuo, 9-2°%%. C,s;H,O, (OCH3),, 2H,O requires : C, 
60:3; H, 5-8 and H,O loss, 9:5%. Found in the dehydrated sample: C, 
66:2; H, 4:9%; C,sH~O, (OCH3;), requires C, 66:6; H, 5:2%.] The 
mixed melting point with the methyl ether obtained from the sample derived 
from the cotton flowers was undepressed. 


From the experiments described above it is clear that populnetin occurs 
free in the Indian cotton flowers along with gossypetin, herbacetin and 
quercetin which are present mostly as glycosides. Thus there is a further 
case of the association which was first found in the flowers of the Thespasia 
populnea. It has already been shown that the substance is a tetrahydroxy 
flavone having a hydroxyl in the 4’-position. The disposition of the other 
groups in the benzopyrone part is still a matter of investigation. Its occur- 
rence along with compounds having the 5:7: 8-orientation of hydroxyls 
seems to suggest a similar disposition of the hydroxyl groups in it also. 


Summary 


The new non-glycosidic substance obtained from the Indian cotton 
flowers has been shown to consist mostly of populnetin from a comparison 
of the methyl ethers. The characteristics of the methyl ether of populnetin 
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SOME time back Thomas and Ramakrishnan! described their very success- 
ful experiments on the production of ergot of rye .in the Nilgiris. Mr. 
Thomas sent us a sample as early as October 1942. We intended to make 
a detailed study of it as the first sample grown under Indian conditions and 
obtain information regarding the influence, if any, of habitat on the chemical 
composition. Owing to serious difficulties which we then had of laboratory 
and library we could not undertake the complete examination immediately; 
but after a proximate analysis the material was defatted and preserved. 
Further examination was carried out in March 1943 and the results were not 
without interest. Meanwhile Mukherji and Dey? published their note on the 
assay of Indian ergot and expressed their opinion that the Nilgiris ergot was 
at least of the British Pharmacopeeial quality, if not better. Our results 
indicate that our sample is really of very high quality comparing favourably 
with the richest ever produced in different parts of the world and hence they 
are presented here. 


Proximate analysis of the entire drug by standard methods gave the 
following values; the values reported by previous workers and taken from 
Barger’s book on ‘Ergot and Ergotism’ ** are given within brackets for 


comparison. — 
Moisture .. ” .. 7:9% (4:4— 10:0) 
Ash + is .. 3°0% (2:2— 7-0 ; average 4-0) 
Total Nitrogen... eso Oe a , 


Fat (Petroleum ether extract) 27-3% (21:0%) 


The fat which was a liquid had the following characteristics ; the figures 
within brackets have the same significance as above. 


Refractive index at 32°C... —1+466 (1-4685—1-4739 at 20° C.) 


Saponification value 196-2 (178-4 — 196-9) 

Iodine value (1 —hour Wij’ an —72-9 (69-55-73 -8) 
Unsaponifiable matter .. 17% (0-35-1-04; average 1-0) 
Hehner number... -. 96-5 (96-0-96-3) 
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The rest of the sample of ergot was powdered, defatted thoroughly with 
petroleum ether (boiling range 40-50°) by percolation, dried in the air and 
preserved in an air-tight container. The alkaloidal assay was carried out 
by the method of Hampshire and Page* as described in Garratt’s book Drugs 
and Galenicals.»> 7-0 gm. of the defatted sample were taken for the assay. 
The rest of the procedure was in general according to the description given 
in the above-mentioned reference except that a slightly larger volume of 1% 
tartaric acid was used for extracting the alkaloids from ether solution and 
the final tartaric acid solution had to be rediluted to give an easily measur- 
able intensity of colour with the special alkaloidal reagent prepared according 
to the 1936 Addendum to the 1932 B.P. The concentration of alkaloids 
was obtained by using the Lovibond Tintometer of the B.D.H. pattern for 
measuring the intensity of colour. When the colour was developed using 
1 ml. of the above solution and 2 ml. of the reagent, 8 blue units on the 
Lovibond Tintometer were taken to represent a concentration of 0-0001 gm. 
of anhydrous ergotoxine per ml. (vide Garratt, p. 112). The following values 
were obtained: Total alkaloids as anhydrous ergotoxine 0-585%; water- 
insoluble alkaloids as anhydrous ergotoxine 0-417% ; water-soluble alkaloids 
as ergometrine 0:090%. The last figure was calculated by using the rela- 
tion obtained by Hampshire and Page (loc. cit.) between ergotoxine and 
ergometrine, viz., that the colour equivalent of ergometrine is 1-86 times that 
of ergotoxine. All the above figures are with reference to the defatted ergot 
sample. The corresponding values calculated on the original ergot sample 
will be 0:425, 0-303 and 0-0654% respectively. 


In the meanwhile the note of Mukherji and Dey (loc. cit.) appeared in 
Current Science reporting values as low as 0:1213% for total alkaloids and 
0-0237% for water-soluble alkaloids, based on the results of analysis by the 
same chemical method of Hampshire and Page and confirmed by pharmaco- 
logical assays. With a view to see if our high value was due to any errors in the 
technique or in the assumed relation between ergotoxine content and blue 
value the sample was reassayed according to the standard method of 1932 
B.P. modified by the 1936 Addendum. However, in view of our previous 
high results only 2-0 gm. of defatted ergot powder was taken. The rest of the 
procedure was according to the B.P. The total volume of the tartaric acid 
. solution used in the extractions of the alkaloid from ether solution finally 
amounted to 52 ml. and this solution was further diluted with an equal 
volume of 1% tartaric acid for convenient colour matching. The comparison 
was done against a freshly prepared solution of ergotoxine ethanesulphonate 
taken from a freshly opened sealed tube ‘of the compound procured from 
Messrs. B.D.H. and a Duboseq type of colorimeter was employed. The 
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value for total alkaloids obtained by this method was 0-465% as anhydrous 
ergotoxine calculated with reference to the defatted ergot and 0-338% on the 
entire ergot. It is well known that the B.P. method of assay includes only 
a portion of the water-soluble alkaloids. 


The standard solution of ergotoxine ethanesulphonate was also utilised 
for checking the accuracy of the tintometric colour relation with the alkaloid 
content. Careful readings showed that the tintometer used in the previous 
assay entirely satisfied the colorimetric relation. 0-0001 gm. of anhydrous 
ergotoxine contained in 1 ml. of solution gave with the standard reagent 
under standard conditions a colour whose blue component was 8 units; so 
that the previous assay using only the tintometer for the evaluation of the total 
and water-soluble alkaloids was entirely correct. 


Thus it is obvious that the sample of ergot examined by us is very rich 
in alkaloid content. There is nothing improbable in this high value. 
In his well-known book Barger®’ gives numerous data for the alkaloidal 
content of various samples as obtained by different workers. Therein values 
as high as 0-38 and 0-414% are found for certain samples. More recently 
Bekes® has reported a value as high as 0-74% obtained in the course of large- 
scale experiments on the intensive production of rye-ergot. The same author 
has also studied the alkaloidal content of individual sclerotia’ and reported 
values as high as over 1% of total alkaloids with several samples. 
It should however be noted that variations are possible in the qualities of the 
samples depending on differences in the conditions of collection and preser- 
vation and this may account for the differences between our results and those 
of others. 


In any project for the production of ergot adequate precaution has to 
be taken to prevent infected rye grains finding their way into those collected 
for food,. since ergot is a poison. A reliable chemical test for the presence 
of ergot makes use of the colour reaction for sclererythrin which is a crimson 
violet colouring matter present in the walls of the cortical hyphe, probably 
as the calcium salt. The test was carried out as below with the present sample 
of ergot: About 0-1 gm. of the powdered ergot was skaken with 5 ml. of 
ether and a few drops of dilute sulphuric acid for 5 minutes. The ether sols 
tion was then decanted, diluted to 10 ml. and half the volume treated with 2 ml 
of asaturated solution of sodium bicarbonate. A deep violet colour ae 
formed in the aqueous layer. This colour test shows that the Nilgiris ergot 
easily conforms to the ordinary requirements of ergot for purposes of 
testing, food grains. 
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Summary 


A sample of Indian ergot of the Nilgiris has been studied in detail. It 
contains remarkably high percentage of total and water-soluble alkaloids. 
With respect to other components it is normal. 
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7. Inteoduction | 

THE blue opalescence of binary liquid mixtures in, the vicinity. of their 
critical solution temperature has been the subject of numerous investigations 
in the past. Smoluchowski (1908). was.the first to put forward a thermo- 
dynamic explanation of this phenomenon as due to optical inhomogeneity 
caused by spontaneous local fluctuations in concentration in the mixture. 
Einstein (1910) extended this theory with certain simplifying assumptions, 
namely (1) that the liquids are incompressible; (2) that their specific 

volumes are negligibly small in comparison with those of the saturated 
vapours emitted by them; and (3) that the latter can be treated as ideal 
gases and on this basis derived an expression for the intensity of the 
opalescent light. This theory predicts an infinite intensity of scattering and 
also complete polarisation of the scattered light at the critical solution 
temperature. Experimental investigations of the opalescent light by several 
authors however showed that as the critical solution temperature is 
approached neither does the intensity of scattering tend to infinity nor is 
the polarisation of the scattered light perfect. In order to explain these 
difficulties Ornstein and Zernike (1914, 16, 18, 26) put forward a modified 
theory which considered the mutual influence of fluctuations in composi- 
tion in neighbouring volume elements and according to which the intensity 
assumes a finite value at the critical temperature and is proportional to 
d-2 and not to A+ as given by the formula of Smoluchowski-Einstein. 


In order to explain the persistence of the opalescent phenomenon over 
a wide range of temperatures accompanied by remarkable changes in 
intensity and state of polarisation Raman and Ramanathan (1923) revised 
Einstein’s theory taking into account the compressibility of the mixture and 
the varying orientations of the molecules. According to them the total 
intensity of light scattered by liquid mixtures is the aggregate of the separate 
effects of (1) fluctuations in concentration of the mixture, (2) fluctuations 
of its density and (3) the varying orientations of the anisotropic molecules. 
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Einstein’s theoty ignores the latter two effects which become of increasingly 
greater importance relative to the first at temperatures above or below the 
critical solution temperature. 


The earlier investigators in this field suggested as an explanation of the 
opalescence before the thermodynamic explanation was put forward by 
Smoluchowski that the liquid mixture in the vicinity of the critical solution 
temperature behaves as an emulsoid. That this suggestion is not altogether 
baseless has been shown by Krishnamurti (1929) who found in X-ray 
diffraction studies with liquid mixtures that there are in general two types 
of liquid mixtures, one giving two separate rings for the two components 
and the other giving mainly one ring. The partially miscible liquids below 
their critical temperatures are found to belong to the first type and com- 
pletely miscible liquids to the second type. The tendency for the formation 
of two distinct rings is explained by him by postulating the formation of 
large molecular clusters of the individual components. Recently Krishnan 
(1935) by means of a delicate optical method has shown that the molecules 
of critical composition mixtures in the neighbourhood of their critical 
solution temperatures have got a tendency to group themselves into clusters 
and that the finite value of the depolarisation of the opalescent light arises 
from the fact that the size of the clusters become comparable with the wave- 
length of light. Other experimental evidence such as the abnormal increase 
in the coefficient of viscosity and the thermal coefficient of magnetic and 
electric birefringence at the critical point support this point of view. 


When a dust-free liquid is irradiated by a beam of monochromatic 
radiation and the light scattered by it is analysed by means of an ordinary 
spectrogtaph, a large part of the scattering which owes its origin to the 
fluctuations of optical density to have unaltered frequency. Examination of 
this ‘‘ unmodified ” scattering with the aid of a high-resolving power inter- 
ferometer such as the Fabry-Perot Etalon however reveals it as split into three 
components one in the position of the original line and the other two appear 
displaced from it to the positions predicted by Brillouin’s theory of light 
scattering (1922). The outer or Brillouin components owe their origin to puls- 
ations of optical density taking place over an extended region in the fluid 
and travelling through the medium with the velocity of sound waves and thus 
giving rise to a Doppler effect. The appearance of a central component is 
attributed partly to the ‘Q’ branch of the orientation scattering and 
partly to the fluctuations of optical density of a quasi-static or static 
character. It is clear from the facts that an interferometiic study of light 
scattering enables us to make a frequency analysis of the fluctuations of 
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optical density and to ascertain whether they occur with or without phase 
relationship within the fluid. 


Such an investigation has not been carried out so far in the case of 
liquid mixtures and accordingly an interferometric study of the light 
scattered by liquid mixtures of both miscible and immiscible types was 
undertaken and the results are described in the present communication. 


2. Experimental Details 


The critical mixture chosen for the investigation consisted of (1) a 
polar and a non-polar liquid, viz., methyl alcohol and normal hexane 
and (2) two polar liquids, viz., iso-butyric acid and water. Two ordinary 
mixtures were also chosen. One was of two non-polar liquids namely 
benzene and n-heptane and the other of two polar liquids, namely ethyl 
alcohol and water which are miscible at all temperatures. Great care was 
taken to prepare all these mixtures perfectly dust-free and in the case of 
the critical mixtures with the correct critical composition,. since the critical 
opalescence is most pronounced in such mixtures. The procedure adopted 
was as follows:—30% by weight of freshly distilled methyl alcohol was 
mixed with 70% by weight of distilled n-hexane and the mixture transferred 
into a flask having a capacity of about 400 c.c. This flask was connected 
to a Wood’s tube of nearly 300 c.c. capacity and having a diameter of 3 cm. 
and length 20cm. The flask containing the mixture was immersed in ice 
and the system evacuated and sealed off. The mixture was then distilled 
two or three times into the Wood’s tube, each time washing the distillate 
back into the flask, the final distillation being cariied out slowly till the 
whole of the mixture was almost completely distilled into the experimental 
tube. The same procedure was adopted for the iso-butyric acid-water 
mixture, the critical composition in this case being 50% by weight of cach 
of the components. The two oidinary mixtures were also prepared in the 
same manner, their composition being 50% by volume of each of the com- 
ponents. 


3. General Statement of Results 


1. Methyl Alcohol n-Hexane Mixture-—The interference - pattern 
obtained with a Fabry-Perot Etalon having 5 mm. separation for the 4810 
A.U. radiation of the zinc-metrcury amalgam arc, for this mixture: at 
30° C. is reproduced in Fig. (2) (d) [(the critical temperature being 29° C.) 
along with those of methyl alcohol and n-hexane (see Fig. (2) (6) and (o)]. 
Fig. 1 (a, b and’c) gives the microphotometer curves for the same fadiation: 
Both methyl alcohol and n-hexane have very intense and well-defined 
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Fic. 1. Microphotometric Curves for Liquids 
(a) Methyl alcohol (g) iso-Butyric acid 
(5) n-Hexane (h) Water 
(c) Methyl] alcohol-n-Hexane mixture ; (i) iso-Butyric acid-Water mixture 
(d) Ethyl alcohol (j) Benzene 
(e) Water (k) n-Heptane 
(f) Ethyl alcohol-Water mixture (()) Benzene-n-Heptane mixture 


Brillouin . components, their wave number shift dv. respectively being 
0-197. cm and 0-21 cm.. . The velocity of sound waves in these liquids is 
1068 m./sec. for methyl alcohol and 1096 m/sec. for n-hexane. The 
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central component for methyl alcohol is very weak compared to the Brillouin 
components, while that for n-hexane has nearly the same intensity. In the 
mixture, however, we find the central component appearing with enormous 
intensity, but no trace of the Brillouin components is detected even in 
highly exposed plates. 


2. Iso-Butyric Acid-Water Mixture-—The Fabry-Perot patterns for 
iso-butyric acid and water have already been investigated by Venkateswaran 
(1942) and his pictures and microphotometric curves for the same are 
reproduced respectively in Fig. 2 (k) and (J) and Fig. 1 (g) and (4). As 
can be easily seen from these photographs iso-butyric acid shows only 
an exttemely weak central component and a strong continuum between the 
two intense Brillouin components. The spectral shift of the Brillouin 
components is 0:22cm.-1, the sound velocity being 1125 m./sec. Water 
on the other hand shows clearly all the three components the central com- 
ponent being slightly weak in comparison to the outer ones. The Brillouin 
shift for water is 0:28 cm.-!, the velocity of sound being 1509 m./sec. The 
mixture at 30°C. [see Fig. 2 (m) and Fig. 1 (i)] however, shows no trace 
of the Brillouin components, as in the case of the mixture discussed above, 
in spite of the fact that the interference pattern is very intense. 


3. Benzene-n-Heptane Mixture—The interferometric patterns of 
benzene n-heptane and their mixture at 30°C. are respectively given in 
Fig. 2 (p), (g) and (r). Fig. 1 (j), (k) and (J) give the microphotometric curves 
for this mixture and its components. Benzene gives a very strong central 
component accompanied by two Brillouin components on either side of it, 
and of half its intensity; the spectral shift being 0-27 cm.-1 and the velocity 
of sound propagation 1275 m./sec.; n-heptane on the other hand, gives 
two strong and diffuse Brillouin components with a fairly sharp central 
component of slightly higher intensity. The spectral shift of these com- 
ponents is 0:23 cm. and the velocity of sound propagation is 1161 m./sec. 
The mixture also unlike the above two critical mixtures shows all the three 
components. The mixture pattern has roughly the appearance of being a 
superposition of the patterns of the two component liquids. The velocity 
of sound propagation in this mixture is 1240 m./sec. 


4. Ethyl Alcohol-Water Mixture—The Fabry-Perot patterns obtained 
for the component liquids, viz., ethyl alcohol and water by Venkateswaran 
(1942) are reproduced in Fig. 2(g) and (A) along with that of the mixture 
Fig. 2{i) obtained in the present investigation. Fig. 1 (d), (e) and (f) gives the 
microphotometric curves for the same. Here, as in the case of iso-butyric 
acid, ethyl alcohol gives slightly diffuse and very intense Brillouin components 
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accompanied by a sharp weak central component. As has been already 
mentioned in an earlier paragraph, water shows all the three components, 
the central component being slightly weaker than the outer ones. The 
mixture, on the other hand, shows a striking change. The central compo- 
nent exhibits a marked increase in intensity, the Brillouin components 
becoming relatively weaker than those of the component liquids. The 
velocity of sound propagation in water and ethyl alcohol is respectively 
1509 m./sec. and 1130m./sec. while that in the mixture is 1480 m./sec. 


4. The Effect of Temperature 


The two critical mixtures methyl alcohol-n-hexane and _ iso-butyric 
acid-water were also investigated at temperatures higher than the critical 
solution temperature. The interference patterns for methyl alcohol-n-hexane 
mixture at 40°C. and 50°C. ate reproduced in Fig. 2 (e) and (f) and that 
of iso-butyric acid-water at 90°C. and 120°C. in Fig. 2(m) and (0). The 
former shows no trace of the Brillouin components in spite of the fact that 
the mixture has been raised 21°C. above the critical temperature. The 
central component, however, becomes relatively sharper and weaker at 
higher temperatures. In iso-butyric acid-water mixture, on the other hand, 
the Brillouin components are clearly, though weakly seen at 90°C. The 
central component continues to be intense at all temperatures. The relative 
intensity of the shifted Dee to the central component becomes 
greater at 120°C. 


Another fact of observation worthy to be recorded here is the relative 
intensity of the 5461 and 4358 A.U. radiations in the scattered spectrum. 
At the critical temperature, the green radiations are nearly as intense as the 
4358 A.U. tadiations; but as the temperature is raised by 20° C. or more, 
they become extremely weak, suggesting that the intensity of the opalescent 
light at the critical condition is proportional to A~-* where nz has a valu: much 
less than four [Andant (1924) and Rousset (1934)] and that at higher tem- 
peratures it tends to become proportional to +4. 


5. Discussion of the Results 


The appearance of the Brillouin components in ordinary mixtures and 
the absence of the same in critical composition mixtures is very significant. 
One factor which might hinder the appearance of the Brillouin components 
is the abnormal increase in the coefficient of viscosity at the critical solution 
temperature reported by several authors such as Ostwald and Malss (1933) 
and Zofia Szafranska (1935). The effect of viscosity on the fine-structure 
components exhibited by pure liquids has been clearly brought out by 
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the studies of Venkateswaran (1942). Two important facts emerge out of 
his study on highly viscous liquids, viz., (1) that the Brillouin components 
are present though feebly in the case of liquids like glycerine and castor oil, 
even at room temperature, (2) that the ratio of the intensity of the Brillouin 
components to the central component increases rapidly with rise of tempe- 
rature. In the case of glycerine at 110°C. the intensity of the Brillouin 
components is comparable to that of the central component. 


Similar. temperature investigations on methyl alcohol-n-hexane and iso- 
butyric acid-water mixture ought to reveal marked changes in the relative 
intensity of the Brillouin components to’ the central component. On the 
contrary, the present investigations show no trace of the Brillouin compo- 
nents in the case of methyl alcohol-n-hexane mixture even when its tempera- 
ture is raised by 20°C. above its critical temperature and tor iso-butyric acid 
by 45°C. In the latter, the Brillouin components appear weakly at 90°C. 
and when the temperature is raised to 120°C. they brighten up, but not to 
the extent expected for a range of 30°C. These results therefore suggest 
that changes of viscosity as such cannot account for all the observed facts. 


We are therefore obliged to interpret the absence of Brillouin components 
‘as indicating that the critical mixtures are composed of molecular clusters 
of size comparable to the wave-length of the sound waves and which are 
randomly distributed thus preventing the free propagation of sound waves 
in these mixtures. The results of the study of the effect of temperature on 
the light-scattering by these two mixtures indicate that they remain as 
emulsoids for a wide range of temperature above their critical points about 
20° C. for methyl alcohol-n-hexane mixture and 45°C. for iso-butyric acid- 
water mixture. This conclusion is in agreement with the observations of 
Krishnan (1935) who finds that the range over which the clusters are de- 
tectable in the case of critical composition mixtures is more than 30°C. 


On the other hand the appearance of the Brillouin components with 
intensity comparable to that of thé pure liquids in ordinary mixtures indicates 
that there is no likelihood of the existence of large molecular clusters in them. 
X-ray and other optical evidences lend support to this view. The en- 
hanced intensity of the central component however suggests that the com- 


position scattering forms an important part of the total scattering in these 
mixtures as well. 


In conclusion, the author desires to express her gretaful thanks to 
Prof. Sir C. V. Raman for his continued interest and encouragement in the 


course of the work.. My thanks are also due to Dr. C. S. Venkateswaran for 
helpful suggestions, 
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Fic. 2. Interferometric Patterns of Light Scattering in Liquids 


(a) Direct Zn line (4810) 

(b) Methyl alcohol (30° C.) 

(c) n-Hexane (30° C.) 

(d) Methyl alcohol-n-Hexane mixture (30° C.) 
(e) Do. (40° C.) 
(f) Do. (50° C.) 
(g) Ethyl alcohol (30° C.) 

(h) Water (30° C.) (4078 Hg) 

(i) Ethyl alcohol-Water mixture (30° C.) 


(j) Direct Zn line (4810) 
(k) iso-Butyric acid (30° C.) 

(J) Water (30° C.) (4078 Hg) 
(m) iso-Butyric acid-Water mixture (30° C.) 
(n) Do. (90° C.) 
(0) Do. (120° C.) 
(p) Benzene (30° C.) 

(q) n-Heptane (30° C.) 

(r) Benzene-n-Heptane mixture (30° C.) 
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6. Summary 


The fine structure of the opalescent light of two critical composition 
mixtures, viz., methyl alcohol-n-hexane and iso-butyric acid-water, has been 
studied at the critical solution temperature and higher temperatures. At 
the critical solution temperatures the Brillouin components are absent in 
either cases, while the central component is very intense. The former do 
not appear in the alcohol-hexane mixture even when its temperature was 
raised by 20°C. In the acid-water mixture, the shifted components are 
weakly present at 90°C. and found to increase in intensity at 120°C. In 
mixtures of miscible liquids namely benzene-n-heptane and ethyl-alcohol 
water also included in the present study, the Brillouin components are 
present prominently. The central component, however, shows enhanced 
intensity. These results indicate that a critical mixture at or above the 
critical solution temperature consists of molecular aggregates whose size 
is comparable to the wave-length of light and hence does not permit of the 
propagation of ordered sound wave trains of thermal origin. The signi- 
ficance of these results with reference to the Krishnan effect exhibited by 

binary liquid mixtures and the X-ray and other evidence is discussed. 
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§1. APPRECIABLE divergence of opinion exists in regard to the effect of 
mercury on the life of active nitrogen. Strutt,1 now Lord Rayleigh, observed : 
«‘ Mercury gave an explosive compound, when its vapour was allowed to 
mix with active nitrogen.’ This was traced to the formation of mercury 
nitride. In a later paper? Rayleigh remarked: ‘“‘ No apparent effect is 
produced when the active gas is passed over clear cold metals or over a film 
of mercury held on copper; ....if a small quantity of mercury is placed in 
the bottom of a fairly wide tube, and shaken while the active gas passes 
over it, all luminosity is extinguished and the mercury becomes foul.....If 
the shaking is discontinued, the glow again passes.’ It must be emphasised 
that this role of mercury in the above-mentioned and similar experiments 
of Rayleigh and others is fundamentally different from the finding that on 
extreme purification nitrogen fails to give the afterglow and that the intro- 
duction of but a small proportion of a foreign substance, e.g., mercury 
vapour, restores it.2 To quote Rayleigh?: ‘‘ A drop of mercury was placed 
inside a tube so that by warming, it could be made to give off vapour, which 
mingled with the nitrogen stream, a marked restoration of the glow was 
- observed, though it was less brilliant than that obtained with the best 
catalysts.” On the other hand, Kichelu and Basu? found: ‘‘ For the 
measurement of pressure up to a certain stage, say 0-05 mm. Hg, a McLeod 
gauge was conveniently employed; but as the pressure of nitrogen became 
smaller any traces of mercury vapour had very destructive effect upon the 
life of active nitrogen, which quickly spent itself by acting upon mercury..... 
In the absence of liquid air it was found impossible to stop a slight diffusion 
of mercury vapour from the pump..... Even after these precautions, we 
did not find it. possible to work with nitrogen below 0:02 mm.” J. K. Robert- 
son* also observed that ‘“‘ the addition of mercury vapour at once destroys 
the glow.”” As a manometric liquid and for working the evacuating pumps, 
mercury is almost indispensable in any work on gas reactions. In view of 
this and especially the above marked differences of observation in the 
literature, it was of interest to investigate the action of active nitrogen on 
mercury over a wide range of conditions. 
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§2. Fig. 1 shows the essential parts of the apparatus employed. The 
cylindernitrogen containing 0-78% oxygen was passed through a train of 
bulbs filled with alkaline pyrogallol to remove oxygen; it was then stored 
for about 3 days before use in an aspirator in which was hung a muslin bag 
containing some considerable quantity of freshly cut yellow phosphorus. 
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No material differences were, however, observed so far as the nature of the 
results now to be reported are concerned, whether the gas was used after this 
purification or directly from the cylinder. By operating the suction pump 
and control of the stop-cocks the requisite pressure of nitrogen shown by the 
mercury manometer M was obtained; very low pressures were observed with 
a McLeod (not shown in the Fig.) connected at T,. The gas was activated 
by a condensed, spark-in-series discharge in the Crookes’ type tube D, fitted 
with well-cleaned aluminium electrodes about 1 cm. in diameter and 1-5 cm. 
apart; the electrode on the suction side was earthed. One more discharge 
tube D, disposed vertically and in series with D, contained some pure mercury 
at the bottom, which was earthed; the other electrode was connected to the 
H.T. as in D, when required. D, was immersed in an oil-bath whose 
temperature could be varied in the range 30-300°C. A small amount of 
powdered iodine in B served as a sensitive detector of active nitrogen on 
account of the very characteristic luminescence which it excites when brought 
into contact with iodine. This served to detect active nitrogen which was 
- too feeble for visual observation. The various parts of the apparatus 
Ada 
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between T, and T, were connected by fused glass-joints and the system was 
repeatedly tested for vacuum on a Topler, before final obser vations. 


§3. In the first series of experiments nitrogen streamed at a pressure 
of 2-3 cm. Hg was activated in D,. The yellowish after-glow was well 
noticeable in D, on switching off the exciting voltage; with this on, and a 
well regulated suction, the glow was observable from D, upto T,. It was 
just tinged with the characteristic green luminescence of mercury when the 
gas was flowing through D,, which was kept at the ordinary temperature; 
was predominantly bluish-white due to iodine, in B; from T, to the exhaust 
end, the appearance was once more that of the normal after-glow of nitrogen. 
As the temperature of the bath was raised, the luminescence due to mercury 
predominated over the nitrogen glow in D,. Above 140° C., mercury in D, 
boiled; this caused such an intensification of its luminescence that the 
after-glow of nitrogen was not perceptible in D,. It is considered that this 
_ marked increase in the intensity of the mercury luminescence is appreciably 
due to transfer of energy by collisions of the second type, between part of 
active nitrogen and mercury vapour in D,.6 That the glow of active nitro- 
gen was but masked or rather overshadowed by the mercury luminescence 
was shown by the fact that the streaming gas produced the characteristic 
emission of iodine in B and that the familiar after-glow of nitrogen was 
distinctly perceptible boyond B, i.e., between T, and the exhaust. 


§4. Two series of experiments were next made in which nitrogen was 
activated by exciting the discharge tube D, containing mercury as the 
earthed electrode: with D, at 28-30°C., the iodine detector B and the 
apparatus beyond it showed a well-marked after-glow over a wide pressure 
range of the streaming gas. The same results were obtained in which 
instead of streaming, the apparatus between T, and T, was filled with nitro- 
gen at a pressure varied in the range 1-2 cm. Hg, and D, was excited inter- 
mittently. After each cessation of the discharge, an after-glow marked 
enough to be identified with a direct vision hand-spectroscope, was seen in 
D, and extending appreciably on either side of it, for a time which increased 
on decreasing the gas pressure. With the above arrangement ie. with 
static nitrogen, on reducing the gas pressure the duration of the after-glow 
increased progressively; it was 5-6 minutes at about 0-0018 cm. Hg. 


In the second series of experiments, the bath surrounding D, was heated 
to 160° C., which produced a copious vaporisation of mercury. Nitrogen 
was then streamed at pressures varied from a few mm. to 2cm. Hg. An 
intense after-glow was observed beyond D, upto T,, Which was in marked 
contrast when the activated gas was allowed to flow into neutral mercury 
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vapour.2* It may be added that mercury in D, was fouled and showed the 
formation of mercury nitride when tested in the usual way. 


There is considerable evidence to show the formation, under electrical 
discharge in mercury vapour, of the excited and meta-stable states: their 
proportion would increase with temperature. It is to be anticipated there- 
fore, that subjecting nitrogen to an electrical discharge under such conditions 
would favour, as is actually observed, the intensification of the aiter-glow 
by (i) the diminution of the probability of collisional de-activation and 
(ii) the direct activation of the gas by energy transfer from the excited and 
' metastable atoms of mercury,® and in collisions with the mercury ions 
moving under the action of the applied field.’ 


Summary 


That active nitrogen is destroyed by contact with mercury is untenable 
as a general proposition. Their interaction produces the nitride and a 
variety of consequences depending upon the nature of conditions. hen 
streamed into neutral mercury vapour, partial de-activation of active nitrogen 
and an excitation of the luminescence of mercury are the chief changes; the 
intensity of the latter increases with temperature and tends to overshadow 
that of nitrogen. When, however, the gas is excited with heated mercury 
as electrodes, the afier-glow is markedly intense, which has been attributed 
to collisions with the excited and the metastable atoms of mercury, and its 
ions in the discharge space. 
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IN a recent publication was given a brief account of our knowledge about 
naturally occurring flavones and flavonols whose constitutions have so far been 
definitely known.!_ They were arranged into different groups depending upon 
the number and the orientation of the hydroxyl groups in the benzopyrone 
part of the molecules. Thcir occurrence and their characteristic proper- 
ties were also recorded. From the data thus presented it seemed to be pos- 
sible to obtain information regarding the manner of their evolution in the 
plant kingdom. Possibility of success in this venture appeared to be greater 
particularly in view of the valuable conclusions which Robinson and his 
collaborators have recently arrived at in regard to the biogenesis of the 
anthocyanins. ? 


Anthocyanins and anthoxanthins are two groups of closely related sap 
soluble pigments. They are built upon the same pattern having 15 carbon 
atoms and 3 rings. Even before their chemical constitutions were definitely 
known, biologists were impressed by their association and they considered 
that anthocyanins were generated from the anthoxanthins by a process of 
oxidation taking place in the plant.* In support of this idea they could men- 
tion the comparatively later appearance of the bright red and blue colours 
due to anthocyanins and under conditions favourable to oxidation. When, 
as a result of the important work of Kostanecki, Perkin and others on the 
anthoxanthins and of Willstatter and his co-workers on anthocyanins, . 
the chemistry of these two groups was made clear, the close chemical rela- 
tion between them was established, but the anthocyanins represented a 
lower state of oxidation. Consequently the suggestion was made that 
anthocyanins were really products of reduction of flavones and flavonols, and 
no oxidation was involved.? On either of these two ideas which mean 
sequential evolution of the pigments, a correlation could be expected between 
the individuals of the different groups occurring in the same parts of the 
plants. For example, pairs like pelargonidin and kempferol, cyanidin and 
quercetin, delphinidin and myricetin, should occur. In the cases examined 
in this connection this correlation could not be found. Further, the presence 
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of pelargonidin with myricetin, delphinidin with kempferol was not 
uncommon. In the few cases where correlation was found, cyanidin and 
quercetin Were involved and this could be considered as incidental to their 
prolific occurrence in the plant kingdom. 


The difficulties were satisfactorily explained by Robinson who develop- 
ed the idea of parallel origin of these groups of compounds from a common 
source*; different degrees of oxidation are involved in the production of 
anthocyanins, flavones and flavonols. According to his scheme no correla- 
tion is required between the members of the differant groups occurring toge- 
ther. On the supposition that anthocyanins and other related substances 
are built up from simple carbohydrates through a series of aldol condensa- 
tions, the hypothetical intermediate (I) was suggested as the basis from which 
all these compounds are derived. The intermcdiate can be constructed from 
two hexose units and one triose, and is in the same state of oxidation as a 
carbohydrate. The central three-carbon fragment of (1) may be modified 
in several ways to give different end products. For example, oxidation at 
C, leads to the formation of cyanidin, at C3 to the flavone, luteolin and at 
both C, and C,; or at C, and C, to the formation of the flavonol quercetin. 
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During the past several years Robinson and his collaborators have been 
engaged in a survey of anthocyanins occurring in nature. Making use of a 
quick method of analysis requiring small quantities of plant matetial they 
have been able to study a very large number of samples and thus provide suffi- 
cient material for statistical analysis. It has been found by them that the basic 
structures concerned are remarkably small in number being pelargonidin, 
cyanidin and delphinidin. Only a few rare cases correspond to flavones, 
i.e., they lack in a hydroxyl group in the 3 position; gesnerin and carajurin 
are the rare examples. Further from their data it could be concluded that 
cyanidin is the primary member of the anthocyanidins and the production of 
delphinidin (oxidation) and pelargonidin (reduction) involve one stage more 
in evolution. These are remarkable results and give great support in favour 
of structure (I) as the common precursor. 


The study of the biogenesis of anthoxanthins is more difficult for several 
reasons. In contrast to the few basic types found in the anthocyanins the 
variations in flavones and flavonols are quite numerous. There are at least 
18 flavonols and 12 flavones of established constitutions. Quick methods 
of analysis of plant materials for anthoxanthins have not yet been developed 
and hence it has not been possible to analyse such large number of samples 
as for anthocyanins. Further, whereas anthocyanins usually occur single 
and in some cases with one more as minor component, anthoxanthin mix- 
tures are more frequently complex. Consequently the number of cases of 
complete analysis are limited and deductions cannot therefore be compre- 
hensive. However, as stated at the beginning it seems to be possible 
to arrive at some conclusions based on the following considerations :—(1) 
since anthocyanins and anthoxanthins are closely related, the results 
obtained from the more comprehensive study of the former could 
be accepted as applicable for the latter also, (2) the association of com- 
pounds in the same part of a plant, in different parts of the same plant 
and in closely related plants could be utilised as evidence of biogenetic rela- 
tionship. In regard to alkaloids and other well-defined groups of naturally 
occurring compounds it is quite well known that plants of the same family 
contain the same compounds or closely related compounds. The differences 
amongst them are only in finer details and not in fundamentals. The minor 
changes mainly due to oxidation, reduction and dehydration could be brought 
about differently or to different stages in different members of a group of 
plants, in different parts of the same plant or even in the subdivisions of the 
parts. But the main framework may be said to be evolved in the same way. 


From consideration (1) given above, it follows that quercetin should be 
considered to be the simplest of the flavonols and luteolin the simplest of the 
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flavones and that the others require more stages for their evolution. This is also 
supported by the abundance of these two representatives in nature. Quercetin 
is the most frequently encountered anthoxanthin. Gisvold and Rogers! 
give figures showing that out of 268 cases where anthoxanthins have been 
identified, 220 have the 3’: 4’-dihydroxy orientation in the substituted phenyl 
group. It could further be stated in general terms that as in the case of the 
anthocyanins, here also variations in the number of hydroxyl groups in the 
side phenyl nucleus is possible by the introduction of one stage more of 
oxidation or reduction, the positions 3’ and 5’ being involved. Support 
for the above statement is available from the association of compounds as 
they occur in nature and it is given later in this paper. The state of complete 
reduction leaving no hydroxyl in the side phenyl nucleus is common in the 
anthoxanthins and is a distinctive feature. But a more prominent character- 
istic of these compounds which does not find a parallel in the anthocyanins 
is the large variation in the state of oxidation of the benzene ring (A). 
In the latter group of pigments, two hydroxyls are invariably present 
in the 5:7-positions. Resoanthocyanins have not been found in nature. 
Carajurin represents an exceptionally rare case; but its occurrence indicates 
that the possibility of modification of ring (A) even in the anthocyanins can- 
not be excluded, though it may be uncommon. But in the anthoxanthins 
the variation in the number of hydroxyls is from 0 to 4. An explanation of 
this could probably be found in the marked difference in reactivity of the 
nuclear positions of anthoxanthins and anthocyanins after the structures have 
been formed from the common precursor, the modifications not taking place 
earlier. If quercetin and luteolin should be the simplest of the flavonols 
and flavones (containing hydroxyls in 5:7 positions) the biogenesis of the 
others should involve further stages of oxidation and reduction. How far 
this conclusion is justified and in what manner the variations arise can be 
indicated in a general way by a study of the pigment associations made below. 
Though in most of the cases considered the pigments occur as glycosides, 
only the aglycones are mentioned and used in the discussion. The nature 
of the sugars involved and the positions they occupy do not seem to be rele- 
vant for the present purpose. Similar considerations are applicable to the 
methyl ethers also. Further the list is not claimed to be comprehensive; 
typical cases alone are taken up and attention is particularly focussed on the 
evolution of special structures found only in the anthoxanthins and not in 
the anthocyanins. 


I. Some associations of flavones and flavonols in which the side phenyl 
nucleus has different number of hydroxyl groups are given below. It could 
be noticed that compounds with one hydroxyl (4’-position) or three 
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hydroxyls (3’, 4’ and 5’) are accompanied by those with two hydroxyls (3’ 
and 4’), indicating the evolution of the first two from the third. There seems 
to exist no definite cases where types with one and three hydroxyls in the 
side phenyl nucleus occur together, particularly to the exclusion of the 3’: 4’ 
dihydroxy compounds. 

(i) The combination of apigenin and luteolin is frequently met with 
in different sat of the same plant or in plants of allied species and varieties. 


H0-/ ‘e ~< 
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Sain Luteolin 
Apigenin occurs in the seeds of parsley, while in the stem and the leaves. 
luteolin (as its monomethyl ether) is also present along with it.’ Both of them 
are found in the yellow variety of Antirrhinum majus® and also in Reseda 
luteola (Weld.).? The two varieties of Chrysanthemum yield the two related 
pigments; C. indicum contains luteolin and C. leucanthemum apigenin.® 
(ii) Kempferol is known to be found along with quercetin or its methyl 
ethers in a ee sources. 
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The stems of Equisetum arvense contain both these pigments, besides 
luteolin.!® In senna leaves kempferol and isorhamnetin. (3’-methyl quer- 
cetin) are present. The same combination occurs in the flowers of Delphi- 
nium Zalil (Asbarg)." Kempferol and isorhamnetin along with kempferol 
monomethyl ether are found in Rhamuus catharticus.® 

(iii) Querestin and myricetin are both present in Myrica nagi and 
Coriaria myrtifolia.® 


Myricetin 
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(iv) Indian cotton flowers (Gossypium herbaceum and indicum) contain 
gossypetin and herbacetin,? and in Hibiscus sabdariffa gossypetin and hibi- 
scetin occur, the latter being the major component.!8 
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(v) Galangin, its monomethyl ether and kempferide occur together in 
the galanga root. This example could be taken as indicating the sequence f 
from the di- and monohydroxy side-phenyl nucleus to one devoid of 
hydroxyl groups. 
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II. In some plants quercetin occurs along with other compounds 
which contain one more hydroxyl group in ring (A). 


(i) The American cotton flowers, G. hirsutum contain as the sole 
component quercetin, whereas the Indian varieties G. herbaceum and 
G. indicum contain gossypetin and herbacetin besides quercetin, gossypetin 
being the major component.’? 


(ii) The flowers of two species of Thespasia have so far been examined. 
T. lampas was studied by Perkin and was found to contain quercetin, 15 
T. populnea has been shown by Rao and Reddy’ to contain herbacetin 
besides populnetin (a flavone whose constitution is not yet settled’®), 
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From the above data, it seems to be reasonable to infer that quercetin 
is the primary stage, and gossypetin indicates a higher stage of evolution 
involving oxidation which leads to the formation of the hydroxyl group in 
position 8. Herbacetin is a subsequent stage of reduction resulting in the 
disappearance of the hydroxyl group in 3’-position in ring (C). 


Ill. 5:6:7 Combination of three hydroxyl groups in ring (A) occurs 
fairly frequently. This also seems to be an evolution from the more 
fundamental 5: 7-dihydroxy types involving oxidation. 


(i) The stem and root barks of Oroxylum indicum contain baicalein 
and its 6-methyl ether, oroxylin-A. Besides these two, the stem bark 
contains chrysin.1? Thus the relation between the 5: 7-dihydroxy and the 
5:6: 7-trihydroxy compounds is indicated. 
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(ii) Regarding the existence of stages in the reduction of ring (C) the 
composition of the parts of different species of Scutellaria is useful. The 
leaves and flowers of S. baicalensis and S. altissima contain scutellarein!® 
whereas the roots of S. baicalensis contain baicalein.19 


(iii) Another interesting point that should be noted here is that 
in the roots of S. baicalensis, wogonin, the 5:7:8 analogue of oroxylin-A 
is also found to be present! and the ether group is in the 8-position. There 
are two ways of explaining this phenomenon: 


(a) the 5:6:7 and the 5:7:8 combinations arise independently from 
the 5: 7-dihydroxy compound by oxidation affecting position 6 or position 
8 independently; (6) the oxidation takes place at some: stage prior to the 
closure of the pyrone ring and .the ring closure takes place in two different 
ways, one leading to the 5:6:7 and the other to the 5:7: 8-configuration : 
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R=H or CHg 

The existence of the second possibility is indicated by some laboratory 
experiments. But they are not numerous enough to be conclusive. The 
association of 5:6: 7 and 5:7:8 types is found so far in one case only. It 
may not be, therefore, possible to say definitely which of the above two alter- 
natives is more plausible. The first is probably more simple and also avoids 
certain other difficulties. It is, however, more definite that they are both 
derived from the 5: 7-dihydroxy precursor. 


IV. So far cases of one stage oxidation of the benzene ring (A) have 
been discussed. The idea could be extended to complete oxidation resulting 
in tetrahydroxy benzopyrone systems. Several of this type have been recently 
discovered. It is noteworthy that all these, nobiletin, calycopterin and erianthin 
are partially or completely methylated presumably in order to escape oxidation. 
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V. The following associations in closely related species indicate the 
existence of a stage of reduction of the hydroxyl group in position Fe 


(i) Hibiscus sabdariffa contains hibiscetin as the main component and 
gossypetin and sabdaretin as the minor portion,’* whereas the closely related 
species, H. cannabinus contains cannabiscetin as the sole component. 20 
The constitution of sabdaretin is not known yet and hence it is omitted from 
consideration. The relationship between the others can be expressed by the 
following formule and it seems to be reasonable to conclude that canna- 
biscetin is derived from hibiscetin by a stage involving reduction affecting ~ 
a ae tbe 
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It may be mentioned here that in one experiment a small amount of can- 
nabiscetin was found in Hibiscus sabdariffa; but it could not be isolated 
from other samples. 


(ii) In this connection may be considered the components of the species 
of Primula, Primetin, 5: 8-dihydroxy flavone, is obtained from the leaves 
of P. modesta.* It is known that the flowers of P. sinensis contain 
pelargonidin or delphinidin glycosides depending on the variety.2 Obviously 
the compounds containing. the 5:7 combination of hydroxyls are common 
in these plants and the evolution of the 5:8 type through the intermediate 
5: 7:8 is possible. 


(iii) A very similar case arises in the two closely related flowers of the 
composite, Tagetes erecta and T. patula. The former contains querceta- 
getin and the latter patuletin in which the hydroxyl in the 7-position is 
missing. *% 
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The occurrence of the above-mentioned 5:8 and 5:6 combinations 
of hydroxyl groups which are not so common seems to be due to a stage 
involving reduction of 5:7:8 or 5:6:7 combinations whereby the 
7-hydroxyl is lost. This process is obviously very rare but seems to exist 
definitely. 


Tt could be suggested that the 5: 6- and the 5: 8-dihydroxy compounds 
are evolved from hydroxy quinol as shown below (III) instead of phloroglu- 
cinol present as part of the precursor (I). 
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(III) 


(R=H or OH) 


“But this idea is neither supported by the considerations of associations 
and plant relations discussed above nor by the occurrence of hydroxyquinol 
nucleus in other groups of compounds found in nature nor by the reactivity 
of this nucleus. 


VI. There are two cases of compounds, fisetin and robinetin in which 
there is no hydroxyl group in the 5-position, only one being left in the 7th 
position. Are they evolved quite independently of the fundamental 5:7 
compounds or are they derived from them? The second alternative is support- 
ed by the following considerations :— 
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(i) The leaves and bark of Robinia pseudacacia contain acacetin,?* 
the flowers contain kempferol,?® whereas the wood (dye wood) contains 


robinetin. 2& 
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The association of 5:7 combinations with a compound containing only 
7-hydroxyl group leads to the impression that it is derived from the 
fundamental dihydroxy compounds by a stage of reduction involving the 
hydroxyl in the 5-position. The possibility of oxidation or reduction in the 
side phenyl nucleus should be taken independently. 


(ii) Other examples which support the above idea are obtained from 
“young fustic”’ and yellow cedar both of which are dye woods. The stem 
and branches of Rhus cotinus constituting “‘ young fustic’’ contain fisetin, 
whereas the leaves of the plant (Venetian sumach) yield myricetin. In yellow 
cedar, fisetin is present in the stem and quercetin in the leaves. 
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It is not unreasonable to consider fisetin as representing a later stage 
involving reduction resulting in the disappearance of the 5- -hydroxyl found 
in quercetin. Myricetin, of course, is related to quercetin in a different way. 


(iii) As a further example of this type may be mentioned pratol (7- 
hydroxy-4’-methoxy flavone) isolated by Power and Salway from the flowers 
of Trifolium pratense*” and later by Rogerson from other species*®; it occurs 
in these along with quercetin and isorhamnetin. 
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From the data presented above the following conclusions could be arriv- 


_ ed at. (1) The theory of Robinson regarding the origin of anthocyanins and 


)— 


anthoxanthins from a common precursor is supported. (2) The conclusion 
of Robinson and his collaborators regarding the stage of oxidation of ring 
(C) in anthocyanins could be applied to anthoxanthins also, i.e., 3’: 4’ com- 
bination of hydroxyls is the simplest and 3’ and 3’: 4’: 5’ combinations 
involve more stages. In the anthoxanthins complete reduction of the 
hydroxyls in ring (C) is represented by a large number of examples. (3) 
Superimposed on the changes brought about in ring (C), ring (A) is quite 
easily susceptible to changes involving oxidation and reduction of nuclear 
positions. 5:7 Combination of hydroxyl groups seems to be the primary 
state; 5:6: 7- and 5:7: 8-trihydroxybenzene structures involve a stage of 
oxidation and 5: 6:7: 8-tetrahydroxybenzene nucleus results from a further 
stage of the same nature. 5: 8-and 5: 6-dihydroxy types seem to result from 
trihydroxy types involving a stage of reduction leading to the disappearance 
of the 7-hydroxyl. Similar reduction seems to produce fisetin and robinetin 


in which the hydroxyl in the 5-position is lacking. 


There is one more point that requires consideration. It relates to the 
occurrence of the two rare cases of flavonols morin and datiscetin. The 
former is found in “ old fustic ’ (wood of Chlorophora tinctoria) and in jak 
wood whereas the latter is present in the leaves and roots of the bastard hemp. 
In the roots datiscetin is accompanied by galangin.*® 
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They have one hydroxyl group in the 2’-position. Obviously they be- 
long to a rare type, but their occurrence may be taken as indicating the 
existence of a small variation from the fundamental precursor proposed 
by Robinson. This precursor is considered to be obtained from the union 
of two parts (IV) and (V), (IV) being phloroglucinol representing a hexose 
unit and (V) a nine carbon system derived from a hexose and a triose. 
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If the possibility of a variation in part (V) could be conceded as shown 
in (VI), then an alternative precursor (VI) having a resorcinol structure in 
the side phenyl nucleus instead of the catechol structure becomes available. 
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By the subsequent oxidation at C, and C; or at C, and C,; morin cold 
be obtained and from it involving a stage of reduction datiscetin could be 
evolved. But the occurrence of these types does not seem to be more common. 
The association of galangin with datiscetin is noteworthy. It could probably 
be derived from both catechol and resorcinol types of the side phenyl nucleus 
by complete reduction of the hydroxyl groups present in this part. 


Summary 


Based on the theory of Robinson ef al. regarding the biogenesis of 
anthocyanins and on a detailed consideration of the occurrence of antho- 
xanthins (flavones and flavonols) in plants, a scheme of evolution of the various 
types of anthoxanthins is developed and discussed. Besides the existence 
of stages of oxidation and reduction of the side phenyl nucleus, similar 
modifications by oxidation and reduction of the benzopyrone part is involv- 
ed. The possibility of a variation in ring (C) of the common precursor (1) 
as shown in structure (VII) leading to certain rare cases having hydroxyl 
groups in 2’- and 2’: 4’-positions is suggested. 
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7. Introduction 


IT is a fundamental problem in the physics of the solid state to determine 
the possible modes and frequencies of vibration of the atomic nucleii in 
a crystal about their positions of equilibrium. The importance of the problem 
will be evident when we recollect that there is scarcely any physical 
property of a solid which is not influenced in greater or less measure by the 
thermal agitation of the atoms, and that the existence of atomic vibrations 
(excited thermally or otherwise) comes into evidence in a variety of pheno- 
mena exhibited by crystals. We may, in particular, mention various optical 
effects observed with crystals, e.g., the scattering of light with altered 
frequency, luminescence and absorption spectra at low temperatures, which 
not only render the existence of atomic vibrations in them obvious, but 
also enable us to make precise determinations of their vibration frequencies, 
and even infer their geometric characters. 


An appropriate starting point for the inquiry is furnished by the well- 
known result in analytical mechanics that all the possible small vibrations 
of a conservative dynamical system about a position of stable equilibrium 
may be represented as a superposition of certain modes of vibration 
designated as the normal modes of the system. In each such mode, the 
particles of the system execute harmonic vibrations with a common frequency 
characteristic of the mode, and all pass simultaneously through their posi- 
tions of equilibrium at some particular phase of the vibration. The question 
arises for investigation, does the structure of a crystal possess any normal 
modes of vibration as thus defined, and if so, what are their frequencies ? In 
seeking an answer to this question, it is obviously not permissible to make 
in advance any arbitrary postulate regarding the nature of the normal vibra- 
tions, since this is itself the subject-matter of the investigation. Further, 
it is essential that we assume the most general type of interaction possible 
between the atoms in the crystal which is consistent with its known struc- 
ture and symmetry properties. Indeed, in an investigation intended to 
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deduce results of general application, it is evidently undesirable to make 
any special postulates regarding the interatomic forces, viz., that they are 
only operative as between contiguous atoms or that they are in the nature 
of central forces whose magnitude varies as some power of the distance. 
The introduction of arbitrary postulates and assumptions has indeed, as 
will be shown in this paper, led to misleading results in the past history of 
the subject. 
2. The Lagrangian Equations of Motion 
We denote the displacements of a chosen atom in a particular cell of 
the crystal structure from its position of equilibrium by the symbols q,,,, 
yrs» Ierss these being parallel respectively to the three mutually perpendicular 
co-ordinate-axes x, y and z. Here r is anindex number indicating a parti- 
cular atom amongst the p atoms in the cell of the crystal structure, while 
s is an index number indicating the particular cell in which the atom is 
located. The symbols Gzp5, Yypo> Yzpo have a similar significance, except 
that p and o which are the atom and cell indices respectively are regarded 
as unspecified. The masses of the atoms are written as m, Or Mp. 
The kinetic energy T of the vibrations of the crystal is accordingly 
given by the summation over all possible values of p and o of the expression 
Mp [Gepa + Fipo + Gzpol- (1) 
The potential energy V of the displacements of the atoms from their 
positions of equilibrium is given by the summation of all the terms derived 
from the expression 
4 Kees * Dare” Typo (2) 
by making r, s, p, o run over all the possible values, as also by interchang- 
ing x, y and z. The dependence of the force-constants jointly on x, 7, 5 
and y, p, o is indicated by the indices attached to them. It is evident that 
Kon = Kypo- (3) 
Hence, since each distinct pair of co-ordinates appears twice over in the 
summation, we may replace the factor 4 by 1 in (2), it being understood that 
they are written together only once. The factor 4 is however retained for 
the terms which appear as the squares of the displacements. 


The equation of motion which must be satisfied by any particular 
co-ordinate, €.2., Yxy, iS 


AIftyT oV 
_ aan) Cea) ae © 
If we assume that the vibration under consideration is a normal mode for the 


crystal, the displacement-components of all the atoms must be of the form 
q sin wt where the q’s are real quantities depending on the atom chosen 
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and the direction of its displacement, while w is the same for all atoms in the 
crystal. On this basis, the equation for q,,, becomes 


(rth: 


(m,w? val. Ky) Vore = ZK "Fypo: (5) 


The summation indicated on the et side of (5) is to be understood 
as including the contributions due to all the displacement-components of 
all the atoms in the crystal with the single exception of the displacement 
Gxys under consideration which appears on the left-hand side of the equation. 
There would, of course, be a whole series of equations of this type for the 
x, y and z displacements of every atom in the crystal, and it is necessary that 
all these equations are simultaneously satisfied for the given value of w, for 
the vibration under consideration to possess the characters of a normal mode. 


3. The Solution of the Equations 


The clue to the discovery of the normal modes of vibration is furnished 
by the basic principle of crystal architecture which may be stated as follows: 
A. crystal consists of sets of equivalent atoms ordered in such manner that each 
atom in a set is both geometrically and physically related to its environment 
in exactly the same way as every other atom of the same set. From this it 
follows that the force-constant which connects the displacements of any 
pair of atoms in the crystal is the same as that which connects the displace- 
ments of any other pair of atoms, provided that the two pairs of atoms can 
be simultaneously brought into coincidence by simple translations of the 
crystal lattice parallel to its axes. 

Consider now the equation of motion analogous to (5) for the rth atom 
in a different cell, a) s’. In writing it down, it is convenient to choose a 
running cell-index o’ different from the o appearing in (5), but so related to 
it that the translations of the crystal lattice which would bring s’ into 
~ coincidence with s would also bring o’ into coincidence with o. We have 
then 


(m, w? — Ki) Yars’ = ‘s ee: * Bypors (6) 


Now the relation ereeh s,o and s’, o’ cia above, taken in conjunction 
with the physical structure of the crystal, gives us at once the relations 
Kooekeg (7) 
oa Ts are (8) 
between the force-constants appearing in (5) and (6). This identity of the 
force-constants appearing on both sides of the equations of motion of equi- 


valent atoms suggests that their displacements in a normal mode of vibration 
Ala 
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are also related to each other in a simple way. Algebraically, it is evident 
that if there exists between them a general relationship of the form 

Jars __ Typo , (9) 

Yxrs’ — LyPo" 
it follows therefrom that when equation (5) is satisfied, equation (6) will 
also simultaneously be satisfied, and indeed also the similar equations 
for all the equivalent atoms of index r in the crystal. Further, if the general 
relations indicated in (9) subsist, they are sufficient to ensure that when 
the equations of motion of an-atom of any chosen index number is a 
particular cell are satisfied, the equations of all the other equivalent atoms 
of the same index number in every other cell of the crystal lattice are also 
simultaneously satisfied; the latter is a necessary condition for the vibra- 
tion to be a normal mode. 


4, Nature of the Normal Modes 

We shall now consider more closely the significance of the relations 

stated in (9). They may be written in the form 

Qyec _ Iypo! 

Virs Vers’ ; bbe 
Stated in words, the meaning of (10) is that the vibrations of the equivalent 
atoms in the crystal are quantitatively related to the vibrations of the other 
atoms forming their respective environments in an identical fashion. Prima 
facie, this is what we should expect, since equivalence of geometric position 
in the crystalline array of atoms necessarily involves an equivalence in the 
strength of the forces holding the atoms together as indicated in equations 
(7) and (8), and hence should result also in equivalence in respect of dynamic 
behaviour in a normal vibration. To make the meaning of such equivalence 
clearer, we may return to equation (9) and take a case in which the cells 
s and s’ occupy contiguous positions along one of the axes of the Bravais 
lattice. It follows that o and o’ would similarly occupy contiguous positions 
along a parallel axis. Equation (9) thus signifies that the ratio of the 
corresponding displacements of any pair of contiguous equivalent atoms 
in the crystal lattice is a constant characteristic of the particular axis and of 

the particular normal mode under consideration. 


We may apply the same arguments to cells contiguous to each other 
respectively along the second and third axes of the Bravais lattice. The 
three characteristic constants thus obtained need not necessarily be the same 
and we therefore devote them by a, B, y respectively. Since the atsinie 
displacements are real quantities and their phases in a normal mode are all 
either the same or opposite, the constant ratios a, 8, y must be assumed to 
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be real quantities which may be either positive or negative. If, starting 
from a particular cell, we move out to another which is reached by u, v, W 
primitive translations in the positive directions along the three axes of the 
Bravais lattice, the amplitude of the vibration of corresponding atoms would 
be altered in the ratio a” B” y”, while if we similarly proceed in the negative 
direction, we would reach a cell in which the amplitudes are altered in the 
ratio a“ a” y”. Hence, ifaor Bory is numerically different from unity, 
we may, by proceeding sufficiently far in one direction or another from an 
arbitrarily chosen cell where the amplitude is small, reach cells where the 
amplitudes are larger than any assigned limit. Hence, the initial postulate 
that the vibration amplitudes are everywhere small can only be sustained 
if the constants a, 8, y are numerically equal to unity, and are either positive 
or negative. We thus obtain the result 
ees UE eh ak payee fee a (11) 
The possible choices from amongst the alternative signs in the three 
equations (11) are evidently independent. We have therefore eight possible 
cases, all of which are covered by the following description: Equivalent 
atoms in the crystal have all the same amplitude of vibration, their phases 
being either the same or else opposite in successive cells of the lattice along 
each of its three axes. We may also describe the position as follows: 
The atomic vibrations repeat themselves exactly in a space-pattern of which 
the unit has twice the dimensions in each direction and therefore eight times 
the volume of a unit cell of the crystal lattice. We may interpret these 
statements physically by considering the well-known result of coupling two 
exactly similar oscillators to each other, namely the appearance of two types 
of vibration in which the oscillators have the same phase and the opposite 
phases respectively. In other words, the dynamic behaviour of a crystal 
is a three-dimensional analogue of the case of two coupled oscillators. 


5. Enumeration and Description of the Modes 


We have now to consider the question whether the relations stated 
above in equation (11) uniquely determine all the possible normal modes of 
the atomic vibrations in a crystal. The readiest way in which we can 
satisfy ourselves that this is the case is by considering the question from a 
physical point of view. The significance of equation (11) can be stated in 
the following manner: In every normal mode of vibration, the energy of the 
vibration is the same for every individual cell of the crystal lattice, while the 
amplitudes have either the same signs or else have alternately opposite signs 
in the successive cells. The two parts of the proposition are complementary 
and taken together characterise the normal modes completely. It is easy 
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to see that no vibration in which either or both of these characters is de- 
parted from can be a normal mode. If, for example, the energy of the vibra- 
tion were to vary from cell to cell, it would be obviously not possible for 
such a state of affairs to continue permanently in a homogeneous structure, 
Energy would be progressively transferred from the cells having the greater 
energy to those having less, and the nearer the cells are to each other, the 
more rapidly would this process occur. A normal vibration is, by definition, 
perfectly time-periodic and hence, the equality of the energy of vibrations 
in the different clles is a necessary feature of it, and this in turn is only 
possible if equivalent atoms have the same amplitude of vibration. It only 
remains therefore to consider the question of the phases. Here, again, the 
defiaition of a normal mode allows only two alternatives, namely a positive 
or a negative amplitude. The effect of reversing the phase of the vibration 
of the atom without altering its amplitude is to change the sign of the term 
contributed by it to the equation of motion of every atom in the crystal, 
leaving its magnitude unaltered. From this, it follows that equations (5) 
and (6) cannot be simultaneously satisfied unless all the corresponding 
atomic displacements have the same signs in the two equations or alierna- 
tively have all the opposite signs. These requirements are satisfied by the 
eight dispositions indicated by equations (11), but not by any other con- 
ceivable arrangement of positive and negative amplitudes of equal magnitude 
over the cells of the lattice. 

The relations stated in (11) enable us to reduce the number of independent 
equations of the type (5) which have to be solved from an infinite set 
to just 3p equations for each of the eight distinct cases arising therefrom. 
The constants appearing on the left-hand side are, of course, different in each 
of the 3p equations of each set. The terms appearing on the right-hand 
side of each equation may be grouped into sets in which each of the 
(3p — 1) co-ordinates involved appears multiplied by what is technically an 
infinite series. Physical considerations, however, indicate that these series 
should be convergent and summable. Each of them may therefore be 
replaced by a single new constant. In other words, for each of the eight 
distinct cases arising from (8), we may frame a set of 3p equations connec- 
tion the 3p co-ordinates, the constants appearing in them having new 
values. The solution of the sets of equations thus obtained would enable 
both the normal modes (viz., the ratios of the atomic displacements) and 
the normal frequencies to be evaluated. 
ade ie hak ee pene! of eee modes and normal 
words, we have 24 1 z a ie mera 8) - ee bys ao 

> ip normal modes and normal frequencies, which is the 
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same number as the degrees of freedom of the 8p atoms whose vibrations 
form the repeating pattern in space. It should, however, be remembered 
that we have started from the assumption that the crystal as a whole is at 
rest. Its centre of gravity must therefore remain fixed, and this gives three 
conditions of constraint which would reduce the number of solutions by 3. 
Thus in all, we have only (24p—3) normal modes and frequencies of 
vibration. The individual cell of the crystal lattice is the unit of the repeating 
pattern in space for (3 p— 3) of these modes, the atoms in the cell vibrating 
against each other. The repeating pattern in space for the remaining 21 p 
normal modes is the super-cell already considered which has twice the 
dimensions and eight times the volume of a unit cell of the lattice. 

It is possible to give simple geometric descriptions of the eight different 
types of normal modes arising from equation (11). The modes described 
by a = 1, 8 = 1, y =1 may be pictured as oscillations with respect of each 
other of the p interpenetrating Bravais lattices of atoms of which the crystal 
is built up. There would be (3p— 3) such modes, while the other 3 degrees 
of freedom of these lattices may be identified as simple translations of the 
entire crystal which we have already excluded from the scheme. : The re- 
maining 21 p normal modes may be pictured as oscillations relative to each 
other of the aliernate planes of equivalent atoms in the crystal. If for 


example, a=1, B=1 and y= —1, the alternate planes of the atoms con- 


taining the a and 6 axes and intersecting the y axis would oscillate against 
each other. If a =1, 8B =—1, y = —1, the alternate planes of atoms 
passing through the a axis and cutting both the 6 and y axes would oscillate 
against each other. If a, 8, y are all negative, the oscillating planes of 
atoms would intersect all the three axes at the appropriate angles.. In the 
case of a cubic crystal, for example, the oscillating planes of atoms would be 
those respectively parallel to the cubic, dodecahedral and octahedral faces of 
the crystal. 


6. Nature of the Atomic Frequency Spectrum 


The result which emerges from the foregoing discussion is that the 
vibration spectrum of the crystal consists of a set of discrete monochromatic 
frequencies which may be described as arising from the vibrations against 
each other of the.atoms located in the units of an 8-cell super-lattice. In 
deducing this result, we have regarded the crystal as a three-dimensionally 
periodic structure infinitely extended in space, and ignored the exis- 
tence of any external boundary. This procedure appears justified. For, 
in the equations of motion of an atom, the terms contributed by the other 
atoms in the crystal must necessarily be assumed to form a convergent 
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series, in other words, their influence on its motion reaches a limiting 
value when the size of the crystal is increased indefinitely. Hence, the 
presence or absence of an external boundary can make no sensible 
difference to the modes of the atomic vibrations in the interior of the crystal. 


It may be remarked also that the number of discrete frequencies 
observable would be very considerably diminished if the crystal belongs to 
a class exhibiting a high type of symmetry. For, in such a case, several of 
the modes of vibration reckoned as distinct in the preceding enumeration 
would possess identical frequencies. Taking for instance a crystal of the 
cubic system, we recognize that the symmetry of the crystal would result in 
the eight distinct sets of frequencies indicated by equation (8) being in effect 
reduced to four. In one set of normal modes, all equivalent atoms in the 
crystal move in the same phase: in three sets of normal modes, the equi- 
valent atoms so moving lie in planes parallel to one or another of the cube 
faces and the corresponding frequencies would therefore be the same; in 
three others again, planes of atoms parallel to the dodecahedral faces move 
in the same phase, and the corresponding frequencies will therefore be 
identical: in the eighth set, the planes of atoms moving in the same phase 
are parallel to the octahedral faces. The total number of distinct frequen- 
cies possible is thus reduced from (24 p— 3) to (12 p— 3). A further reduc- 
tion will arise if the directions of movement of the atoms in normal modes 
reckoned as distinct in this enumeration are actually equivalent. For 
instance, the existence of a normal mode in which all the equivalent atoms 
oscillate parallel to one of the cube axes necessarily involves the possibility 
of two others having the same frequency. In these and other ways, a very 
considerable reduction in the number of distinct frequencies and consequent 
simplification of the vibration spectrum would result. 


7. Elastic Vibrations of the Crystal Lattice 


As already remarked, the 24 p degrees of freedom of the atoms contained 
in the cells of the super-lattice gives us only (24 p — 3) normal modes of 
atomic vibration. The 3 degrees of freedom of translation of the super-cell 
left over in this enumeration must therefore be assigned to modes of 
vibration of a different nature. The natural assumption to make is that 
they represent the lower frequencies of vibration coming under the 
general description of elastic vibrations of the crystal lattice. On this basis 
the elastic vibrations represent only one-eighth of the total number of 
degrees of freedom in the case of crystals consisting of a single Bravais 
lattice, one-sixteenth of the number when there are two interpenetrating 
Bravais lattices, and a still smaller proportion when there are three, four or 
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more atoms in the unit cell, finally becoming a negligible fraction of the 
whole in crystals of even moderately complex structure. 


According to the classical theory of elasticity, waves of any frequency 
and of corresponding wave-length are possible within an infinitely extended 
solid, but specific modes of elastic vibration can only exist in a solid of finite 
extension, its shape and dimensions determining the modes as well as their 
frequencies. As we have seen, however, an atomistic approach gives a 
wholly different result, viz., that the normal modes and frequencies are deter- 
mined by the internal structure of the crystal, the form and dimensions of 
the external boundary being irrelevant. The apparent contradiction 
between these conclusions disappears when we notice that the classical 
theory of elasticity describes the low-frequency region of the vibration 
spectrum, while the atomistic theory describes the high-frequency end. The 
two types of vibration differ in important respects. In the atomic vibrations 
properly so called, the absolute and relative atomic displacements are 
throughout of comparable magnitude, while in the elastic vibrations, the 
translatory movements of the lattice cells are greater than the relative atomic 
displacements approximately in the ratio of the wave-length to the cell 
dimensions. While the two types of vibration may possibly tend to resemble 
each other in a transitional range, we are not justified in extrapolating either 
theory into the region of frequency in which it is wholly inapplicable. 

The inappropriateness of the elastic solid theory in considering the 
high-frequency vibrations of a crystal lattice needs to be particularly 
emphasised. The theory is based on the idea that the material is a conti- 
nuum having a uniform density and elasticity, whereas in reality, the crystal 
has a discrete atomistic structure. X-ray investigations show that the 
electron-density in a crystal is not uniform but is a triply-periodic function 
of position. The Fourier components of the electron density have note- 
worthy amplitudes, but they fall off with increasing order rapidly. The 
discontinuity of crystal structure is even more striking when we consider 
the mass-distribution. This is concentrated at the individual lattice points 
occupied by the atomic nucleii, and a Fourier analysis of the density distri- 
bution would therefore give component amplitudes which do not diminish 
with the order and each of which would by itself be greater than the average 
density of the crystal (by a factor of two in the case of a single set of atomic 
planes). This is a state of affairs very remote indeed from the uniform mass- 
density and elasticity assumed in the classical theory. Hence, only when the 
elastic wave-lengths are large compared with the crystal spacings could we 
expect a concordance between the facts and the results of that theory. For 
smaller wave-lengths and higher frequencies, the theory must fail, as is evident 
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when we consider the behaviour of elastic waves in a medium exhibiting 
very pronounced stratifications of mass density or elasticity. If the Fourier 
components of space-variation of density were small, we would have selective 
reflections of the elastic waves analogous to the familiar optical or X-ray 
reflections by stratified media. The Jarge amplitude of the Fourier compo- 
nents of mass-density however alters the situation radically, and it is readily 
shown that the bands of selective reflection of the elastic waves would broaden 
so greatly as to result ina complete cut-off of the high-frequency region of the 
spectrum.* In the region of high frequencies, therefore, the ideas of the 
elastic solid theory are wholly irrelevant and inapplicable, and an atomistic 
approach to the theory becomes absolutely necessary. 

One might, on the other hand, be tempted to carry over the atomistic 
approach which proves successful in the high-frequency region towards lower 
frequencies. To do this, one may assume that modes of vibration exist in 
which groups of atoms, as for example the super-cells considered earlier 
in the paper, oscillate within the crystal against other super-cells of the same 
kind, forming a repetition pattern of vibrations in which the space-unit is 
a giant cell having four times the dimensions and sixty-four times — the 
volume of the unit cell of the crystal lattice. Pro forma equations of motion 
may even be framed for the oscillation of such groups and the possible solu- 
tions discussed on the same lines for the atomic vibration, giving us eight 
sets of possibilities of the same kind as those given by (11); one of these, 
namely that in which all the super-cells vibrate in the same way should be 
excluded, as this would involve displacements of the centre of inertia of the 
entire crystal. The 8 x 3 or 24 degrees of freedom of oscillation of the 
super-cells contained in the giant cell would thus give us 21 modes of 
vibration, leaving as before, 3 degrees of freedom to be assigned to still 
lower frequencies of vibration. In the case of crystals of high symmetry, the 
number of distinct frequencies thus arising would naturally be reduced much 
below the maximum of 21. 


An approach of the kind suggested above is obviously lacking in rigour 
since it leaves the movements of the individual atoms within the oscillating 
super-cells unspecified. It is however not without value, since it indicates 
that as we come down the scale of frequency, the vibrations in the lattice 
may tend to take on the characier of group movements which are inter- 
mediate in character between the purely atomic vibrations occurring at the 
high-frequency and the purely mass movements at the low-frequency end. 


* Cf. Scientific Papers of the late Lord Rayleigh, Vol. III, Art : ! u 
Mag., 1887, 24, 145. » Art. 142, Equation (74); Phil. 
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The configuration of the vibrating groups bears a specific relation to the 
structure of the crystal instead of, as in the elastic vibrations, being deter- 
mined solely by the form and dimensions of the external boundary of the 
crystal. It is also clear that the frequencies of the group movements would 
be related to the size of the groups in much the same way as the frequency 
of elastic waves is related to their wave-lengths. If such group oscillations 
exist, as seems not unlikely in the higher ranges of the elastic spectrum, the 
frequency distribution in the latter would tend to approach the discreteness 
characteristic of the atomic vibration spectrum, instead of being continuous 
as indicated by the classical theory of elasticity. 


&. Remarks on Some Earlier Theories 


The close analogy between the vibration-spectra of molecules and of 
crystals indicated by the foregoing theory receives unmistakeable support 
from the results of the experimental investigation of crystal spectra by 
the several distinct methods to which reference has been made earlier in 
the paper. The results of the present theory are however in striking con- 
trast with the ideas widely prevalent at the present time regarding the 
nature of the atomic vibrations in crystals. It is necessary, therefore, at 
this stage to make some critical comments on the earlier views which have 
found currency in the literature of the subject. 


The well-known and closely allied theories of Debye and Born on the 
atomic vibrations in solids were put forward about the same time (1912) 
in order to explain their thermal behaviour at low temperatures. As was 
shown earlier by Einstein in 1907, however, the frequencies of the atomic 
vibrations which constitute the thermal energy of a solid lie in the infra-red 
region of the electromagnetic spectrum. It follows that the evaluation of the 
specific heat of a solid must depend on a knowledge of its spectroscopic 
properties in the infra-red frequency region. The experimental spectro- 
scopic data for solids available in 1912 were, however, of a very meagre 
description. This may have been the reason why Debye and Born sought 
a different path from that indicated by Einstein and endeavoured to 
calculate the specific heat of solids by identifying their thermal energy with 
the energy of elastic vibrations of all possible frequencies. However, recent 
spectroscopic studies with many crystals, including especially several of the 
simplest chemical composition, show this identification to be unjustifiable. 
For, they reveal numerous characteristic or monochromatic frequencies lying 
in the remotest infra-red, in other words, within just the region which was 
sought to be described as a continuous spectrum of elastic vibration 


frequencies. 
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Both Debye and Born assumed that the normal modes of atomic vibra- 
tions have the same relation to the external dimensions of the solid as do 
the vibrations of the elastic type. This assumption is not, however, 
a reasonable one, since the modes and frequencies of the mass movements 
involved in elastic vibration and the modes and frequencies of atomic vibra- 
tion depend on wholly different factors. These are the macroscopic properties 
and dimensions of the solid for the former, while for the latter they are the 
individual masses of the atoms and the manner in which they are arranged 
and bound together in the fine structure of the crystal. The considerations 
already set out above indicate that the external boundary of the solid can 
have no determining influence either on the normal modes or the normal 
frequencies of the atomic vibrations. On the other hand, the size and 
shape of the solid is the principal factor in determining the normal modes 
and frequencies of its elastic vibrations. 


It is thus evident that theoretical considerations and experimental facts 
alike compel us to reject the assumptions on which the Debye and the 
Born theories are based. 


9. Born’s Postulate of the Cyclic Lattice 


In the Born theory, the lattice structure of the crystal is formally taken 
into consideration on the basis of the so-called ‘‘ Postulate of the Cyclic 
Lattice’’.* This postulate assumes the phase of the vibration to alter 
progressively along each of the axes of the Bravais lattice in such manner 
that the “* phase-wave-length ” is a sub-multiple of an arbitrary chosen length 
which is itself a large integral multiple of the lattice spacing. Thus, for 
each axis, the number of possible phase-wave-lengths is equal to the 
number of lattice spacings contained in the given length, and when all the 
three axes are considered, the total number of possibilities becomes equal 
to the total number N of lattice cells contained in the assumed large volume 
of the crystal. When multiplied by 3 p (the number of degrees of freedom 
of motion of the atoms in each cell), the total number of possibilities is 
increased to 3 Np. Each of these is assumed 1o represent a possible normal 
mode of vibration with a corresponding frequency. Since the lengths of 
the “ phase-waves”’ are assumed to be the various sub-multiples of an 
arbitrarily assumed large multiple of the lattice spacing, they bear no 
simple relation to the crystal spacings themselves. Indeed, the phase-wave- 
lengths postulated crowd up increasingly as they become smaller, and hence 
the vast majority of them have values intermediate between small integral 


* Problems of Atomic Dynamics, by Max Born, 1926, p. 193. 
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multiples of the lattice spacing. It is not surprising therefore that the Born 
theory yields an immense array of frequencies which form a diffuse conti- 
nuous spectrum and which correspond to the assumed practically infinite 
atray of possible phase-wave-lengths. 

From the statement made above regarding the Born postulate,t it will 
be evident that it is equivalent to taking the ratios a, 8, y considered in 
Section 4 of the present paper as imaginary quantities, viz., 

a =e, B == cfd, et ida (12) 
As already pointed out however, such an assumption would be illegitimate, 
since in any normal mode the phase of vibration must everywhere be either 
the same or the opposite, in other words, the only possible values of 
, #, x are either o or 7, making a, B, y equal to either plus or minus unity, 
as indicated in our equation (11). If, on the other hand, it be suggested 
that equation (12) does not refer to a normal vibration but only to a “‘ wave ” 
in the lattice, then before it could be used for calculating the possible fre- 
quencies of atomic vibration, it would be necessary to show that the real 
amplitudes obtained by superposing on it another “wave” in the opposite 
sense given by 
a= aa 8 ae cp, y= e- ex \ (13) 
would satisfy the requirements for a normal vibration. The resuit of super- 
posing the “‘ waves’ represented by (12) and (13) would be to give a vibra- 
tion of which the amplitude is proportional to the product cos (4/,) cos (#l,) 
cos (x/3) where Jj, /:, J, are the three cell index-numbers counted respectively 
along the three axes. As already remarked, however, Born’s phase-wave- 
lengths bear no simple relation to the crystal spacings, and hence the product 
cos (¢1,) cos (#/,) cos (x/,) and therefore also the energy of vibration would 
vary from cell to cell within the crystal. This is a state of affairs which 
cannot possibly exist in a normal vibration, and it follows that except when 
¢, % and x are each chosen equal to o or z, the Born phase-waves do not 
correspond to any real or possible normal modes of vibration. Thus, it 
is evident that the whole immense arrays of atomic frequencies given by the 
Born theory are ‘‘ manufactured ” by his assumption of modes of vibration 
which are physically impossible and that they do not possess any physical 
meaning or significance. 

The Born postulate is in the clearest contradiction with the experi- 
mental facts observed in crystals. As an illustration, we may choose the 
case of diamond in view of the simplicity of its structure. The unit cell of 
"+ Handbuch Der Physik, Zweite Auflage, Article by Max Born and M. Goppert-Mayer, 
1933, 24/2, p. 642. 
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the diamond lattice contains two atoms, and the Born theory would 
therefore yield a continuous spectrum with two optical and two acoustic 
branches, and hence exhibiting (at the most) four diffuse peaks or maxima. 
On the other hand, according to the present theory, the atomic vibrations 
in the 8-cell super-lattice would have (2 x 24—3) or 45 modes, but on 
account of the high symmetry of the crystal, the number of distinct 
frequencies would be reduced to 8. The highest of these frequencies 
represents the oscillation of the two interpenetrating lattices in the crystal 
against each other and appears as a sharp and intense line witha fre- 
quency-shift 1332 cm.-! in the spectrum of the scattering of light by diamond. 
The remaining seven modes of lower frequency are longitudinal or trans- 
verse oscillations against each other of the planes of equivalent atoms in 
the crystal lying parallel to the faces of the cube and the octahedron. 
Several distinct methods of investigation of the lattice spectrum of 
diamond are available, the results of which are an independent check on 
each other. The spectroscopic studies of P. G. N. Nayar* show the 
existence of a whole series of discrete frequencies from 1332 cm.-! downards, 
and the values for these frequencies as deduced from the scattering, floure- 
scence and absorption spectra are in complete agreement with each other. 
While Nayar’s experimental results find a natural explanation on the 
theory set forth in the present paper, they are wholly irreconcilable with 
the Born postulate and its consequences. 


70. Summary 


Starting from the most general expression for the potential energy of the 
displacements of the atoms in a crystal from their positions of equilibrium, 
their normal modes of vibration are derived. It is shown that in all the 
possible modes, the equivalent atoms in the crystal have all the same 
amplitude of vibration and either the same phase or alternately opposite 
phases in the successive cells of the lattice along each of its three edges. The 
vibrations thus form a repeating pattern in space of which the unit has twice 
the dimensions and eight times the volume of the lattice cell. The vibration 
modes are closely analogous to that’ of a molecule with the appropriate 
symmetries and containing eight times the number of atoms included in the 
lattice cell. The spectrum thus consists of a discrete set of monochromatic 
frequencies, the number of which is finite and is further reduced when the 
crystal belongs to a highly symmetric class. The small residue of degrees 
of freedom not included in this description appears as quasi-elastic vibrations 
having specifiable low frequencies. 


* Pp. G. N. Nayar, Proc. Ind. Acad. Sci., 1942. 15, 293. 
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7. Introduction 


IN an earlier paper, Venkatarayudu! has used group theoretical methods 
to show that the primary normal oscillation of the diamond structure con- 
sists of a mutual displacement of the two interpznetrating lattices, the 
direction of displacement being arbitrary. This analysis and similar work 
in respect of other crystals already published by the author and Venkata- 
rayudu? are based on the fuadamental assumption that the Smallest unit 
or the Bravais ceil of the structure is the repeating pattern both from the 
static and from the. dynamic points of view. That the next stage in the 
analysis would be to consider a super-lattice of which the cells have twice 
the edge length of the smallest cell and that the oscillations thus derived 
would have also to be reckoned in formulating the basic theory of crystal 
dynamics and of the thermal energy of crystalline solids was pointed out 
by Raman.? In a paper* now under publication, Raman‘ is giving a proper 
theoretical foundation for the idea of the super-lattice frequencies put for- 
ward by him earlier. 


In this paper, group theoretical methods are applied to the case oi 
diamond and the results appropriate to a repeating unit which has eight 
times the volume of the smallest unit cell are given. This repeating unit 
is formed by taking twice the primitive translation as the side of the cell 
along each direction instead of the primitive translation itsclf. Such a cell 
~ contains 16 carbon atoms whereas the smallest one contains only 2. 


2. Diamond Structure and its Symmetry Operations 


In Fig. 1 is shown a portion of the diamond structure which is made 
up of two interpenetrating lattices. The dark circles denote atoms belong- 
ing to one lattice whereas the white circles denote the atoms belonging to the: 
other. The smallest unit cell is a rhombohedron formed by the primitive 
translations 1,2; 1,3 and 1,4. Such a rhombohedron contains only two 


* An advance copy of this paper has been Very kindly sent by Professor Raman to the 
resent author. ; 
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distinct atoms which are numbered 1 and 5. In such a case translations 
1, 2; 1, 3 and 1, 4 cannot be regarded as distinct from the identity operation 
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and all the atoms numbered 2, 3, 4, 9, 10,11 and 12 are equivalent to 1, 
whereas those numbered 6, 7, 8, 13, 14, 15 and 16 are equivalent to 5. The 
symmetry group will then consist of 48 elements only and has been dealt with 
earlier. The unit cell chosen in this paper is, however, a larger rhombo- 
hedron formed by the primitive translations which are twice 1, 2; 1, 3 and 
1,4. Such a rhombohedron contains 16 distinct atoms which are numbered 
1 to 16 in Fig. 1. Besides the 48 elements of the simple group, seven trans- 
lations (1,2; 1,3; 1,4; 1,9; 1, 10; 1,11; 1, 12), which were hitherto 
identical with the identity element, have now to be regarded as distinct 
symmetry operations. These, along with the identity operation, constitute 
a sub-group of order 8 and the total group of symmetry operations appro- 
priate to the diamond structure in which there are 16 non-equivalent points 
as shown in Fig. 1, will be formed by obtaining the product of the simple 
48 elements with the above translational group consisting of 8 elements. 
The resulting group is of order 384. The elements of this group fall into 
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20 conjugate classes* and the appropriate character table is given here. 
Notation used is similar to that employed in the earlier papers of the author. 
The table shows that besides the translation, there are one threefold, three 
sixfold, two fourfold and two eightfold degenerate normal oscillations 
coming under various symmetry classes. 

If all the last six columns and the last six rows are deleted, we get the 
character table containing only fourteen conjugate classes and if the number 
of elements in each conjugate class is properly adjusted, we get results that 
are appropriate to a group of 192 elements which refers to the case where 
the smallest cubic cell containing 8 atoms only is regarded as the repeating 
unit.f 

3. Normal Modes and Normal Frequencies 

Below is given one representative mode under each class. Those 
omitted may be written down from considerations of symmetry and taking 
into account the order of degeneracy in each case and the manner in which 
each normal co-ordinate transforms under the different symmetry opera- 
tions. If the normal co-ordinates given below are read with reference to 
Fig. 1, it is easy to get a physical picture of each one of the modes. 

(Xy+ y+ X3+ Xat Xy+ Xo + Xu + Xi) 

— (Xs + Xe+ X2+ Xst Xist Xret Hist Xie) «. id Ree) 3 
(X1 + X2) — s+ X4) + 9+ X10) — (X41 + X12) -. ae <i Hy 
(X— X2-++ X3— X4) + s— Yet Va— Va) + (Xg— X49 + X4 — X32) 


+ (Yis— Viat Yis— Vie) oe He 
(X1— X2+ X3— X4) — Ws— Vet Vo— Ya) + (X— X19 + X14 — X42) 

— (Vis— Yiat Vis — Vie) + a af H, 
(Po+ Pst Pat Pet Prt Pat Pot Pis) 

— (Pit Pst Prot Put Pist Piat Pist Pie) -- <s «sce 
(D2+ Ps+ Pa— Pe— Pr— Pat Po Ps) 7 

—(Pi- Pst Prot Put Piz— Pisa— Pis— Pig) -- + <.). Kee 
— (Xy— 23) + (Xe Zet+ X3— Zg+ Xq— Zq) + (Xy— 2) 

— (X1o— Z10 + X11 Zy+ X12— Z12) — (X5— Z5) + (Xe— Ze 

+ Xq—Zq+ Xg— 2) + (%1s — Z13) — (Xya— Za + X15— Za5 

+ X36— 216) on : M, 


— (X%)— 2) + (X2— Ze + X3— 234+ X4—Z4)+ (Xy—Zy)— (X19— =10 
++ Xu 2, X1g— 212) + (X%s— 25) — (Xe— 26+ X7—Z7+ Xg— Zs) 
— (X%13— 243) + (Xp4— Zaa+ X15 — Zig + Xig— 236) .- os M, 
* Writing down all the 384 elements in the form of circular permutations and classifying 
them into conjugate classes is a very laborious process but follows the. well-known methods of 
group theory. Details are not given here as they would occupy much space. 


t This case had been fully worked out last year by the author in’ collaboration with Drak. 
Venkatarayudu but the: results remained unpublished. - 
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In K, and Kz, p stands for a displacement x, y, Z. 
modes. can be evaluated in the usual manner. 
ment which shows the frequency in each case and contains a description 
of the corresponding normal mode. 


PF, 


H, 


He 


K, 


Ks 


Mi 


M, 


Mode Degeneracy 


One interpenetrating lattice oscillating 
against the other. 


Consecutive planes parallel to the cube faces 
of any one lattice moving along the cubic 
axis normal thereto in opposite directions. 


Consecutive planes parallel to the cube faces. 


of any one lattice moving transverse to the 
cubic axis normal thereto in opposite 
directions while those of the second lattice 
do the same thing but in phase. 


99 33 ae 


while those of the second lattice do the 
same thing but in opposite phase. 


Consecutive planes parallel to the 111 faces 
of any one lattice moving along the (111) 
axis normal thereto in opposite direc- 
tions while those of the second lattice do the 
same thing but in phase. 
while those of the second lattice do the 
same thing but in opposite phase. 

Same planes as in K, now move transverse to 
the (111) axis and hence acquire twice the 
degeneracy. 


Same as in M, but planes belonging to the 8 


two lattices are in opposite phase. 


3 


The frequencies of these 
Below is given a state- 


An? yp? 
8K, . 64K, 
3m ' 3mp? 


4K, 40K, 8K, 


3m * 3mp* m 


12K, i 4K, 
mp* m 


2K, , 64K, , 8Kg 
3m  3mp?” m 
2K (SK, 
om on 


8K, | 34K, , 2K 
3m '3mp?  m- 


6K, | 2Ks 
mp m 


K, and K; are respectively the force constants referring to any pair of atoms 
which constitute the nearest neighbours and the next nearest neighbours. 
K, represents the force called into play when the angle between any two 
valence bonds which meet at an atom varies. p stands for the distance 
between a pair of nearest neighbours and is the same as the length of the 


valence bond, 
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In conclusion, the author desires to express his thanks to Sir C. V. 
Raman with whom he had the opportunity of discussing this subject on 
several occasions. 

Summary 


Group theoretical methods have been applied for obtaining the normal 
oscillations of the diamond structure on the basis of a 16 atom cell as the 
repeating unit. It is shown that besides the translation, there are eight 
normal oscillations one of which is threefold degenerate, two of which are 
fourfold degenerate, three of which are sixfold degenerate and two of which 
are eightfold degenerate. Expressions are derived for the corresponding 
normal frequencies by postulating suitable potential energy functions. 
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7. Introduction 


BHAGAVANTAM AND VENKATARAYUDU (1939) investigated the modes of atomic 
vibration in various crystals, employing group-theoretical methods. The 
starting point of their work was the proposition that the vibration-pattern 
repeats itself in every cell of the crystal lattice. On this basis, (3p — 3) 
normal modes are possible, p being the number of non-equivalent atoms 
in the lattice cell. Crystals consisting of a single Bravais lattice, e.g., various 
metals, would have no discrete frequencies of atomic vibration, while cubic 
crystals such as rock-salt and diamond containing two non-equivalent atoms 
in the cell would have only one such frequency representing a triply de- 
generate mode of vibration. In the introductory paper of this symposium, 
it has been shown, however, by Sir C. V. Raman that besides the modes 
considered by Bhagavantam and Venkatarayudu, there are 21 p others, and 
that a super-cell having twice the dimensions and eight times the volume 
of the unit cell of the crystal lattice is the basis of the repeating pattern of 
all the modes of atomic vibration except those which may properly 
be classified as elastic vibrations of the lattice. The complete description 
of these modes and the determination of their activity or inactivity in light- 
scattering and infra-red absorption should be possible with the aid of group- 
theoretical methods as applied to the atoms contained in the super-cell. 
The classification of the possible modes into 8 different sets characterised 
by different phase-relations between the successive equivalent atoms along 
the three axes of the Bravais lattice should considerably simplify this task. 
The use of the phase-relations and of the geometric description of the 
modes of vibration to which they lead however enables us to indicate the 
normal modes for crystals of not too complex a structure by quite elemen- 
tary methods. Of particular importance are the cases in which the crystal 
possesses the symmetry of the cubic system, and the number of non- 
equivalent atoms in its lattice is not large, being only one, two or three. 


2. Vibrations of Face-Centred Lattices 


We shall first consider the case of the face-centred cubic lattice which 
is of importance in view of the fact that it forms the basis of the structure 
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of numerous crystals. As is well known, the unit cell of the lattice in this 
case is a rhombohedron, the six faces of which are parallel to the octahedral 
planes inthe complete cubic crystal. The planes cutting the three axes of the cell 
at equal angles are also parallel to the faces of the octahedron. The planes 
which pass through one rhombohedral axis and internally bisect the angle 
between the other two axes are parallel to the dodecahedral faces, while the | 
planes passing through one axis and externally bisecting the angle between 
the other two are parallel to the cube faces. As explained by Sir C. V. Raman 
in the introductory paper of the symposium, the geometric character 
of the atomic movements may be described in terms of these planes. 
The possible modes fal! into one or another of the eight sets given by the 


relations. 
Oa tI B= elie a, 


where a, B, y are the amplitude ratios of the vibrations of successive equiva- 
lent atoms respectively along the three axes of the super-lattice cell. 


The case in which a, B, y are all positive, which we may denote by the 
symbol (+ + +), represents translations of the cell as a whole. It is thus 
excluded from the scheme of normal vibrations and goes over to the “‘elastic 
spectrum ” of the crystal. The four cases represented by the symbols (— + +), 
(+ — +), (+ + —) and (— — —) of which the meaning should be obvious 
represent movements in which the alternate planes of atoms parallel to the 
octahedral faces oscillate against each other. Each case has three degrees of 
freedom associated with it, and the total of 12 degrees of freedom accordingly 
falls into 4 groups, each with three degrees of freedom representing different 
directions of movement. A Jongitudinal oscillation of the planes, ie., a 
movement along the trigonal axis which is their normal, clearly stands on a 
different footing from transverse oscillations of the planes. For the latter, 
all directions lying in the octahedral planes are clearly equivalent, and we 
may therefore choose any two orthogonal directions. 


The cases (— — +), (+ — —) and (— + —), each with 3 degrees 
freedom, may be described as movements of the planes of atoms parallel 
to the cube faces. It is then easy to see that the 9 degrees of freedom asso- 
ciated with these modes fall into two distinct groups. In one group, the 
alternate planes of atoms parallel to the cube faces oscillate longitudinally, 
while in the other group they oscillate transversely. We have thus four 
distinct frequencies of vibration of the atoms contained in the super-cell; 
the degeneracies associated with them, together with the three translations 
of the super-cell total up to 24 degrees of freedom. 
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Degeneracy 
(1) Translations zy + ve Set aes) 
(2) The octahedral planes vibrate longitudinally 4 
(3) The octahedral planes vibrate transversely 8 
(4) The cubic planes vibrate longitudinally. . 3 
(5) The cubic planes vibrate transversely 6 
TOTAL Sa 24. 


3. The Zincbhlende Lattice 


In this crystal, the zinc and sulphur atoms form face-centred cubic lat- 
tices which interpenetrate each other, their relative displacement along the 
trigonal axis being one-fourth of the length of the body-diagonal. We have 
24 x 2 or 48 degrees of freedom in all. There are four layers of atoms 
(alternately Zn and S) in the super-cell parallel to the octahedral and cubic 
planes. From the general considerations set out by Sir C. V. Raman in the 
introductory paper of the symposium, it follows that the oscillations of the 
structure are obtained by doubling up the modes derived above for a 
face-centred lattice, one set representing movements of the adjacent zinc 
and sulphur atoms in the same phases, while in the other set they are in 
opposite phases. We may, in fact, immediately write down the modes with 
nine distinct frequencies arising in this way, the degeneracies associated with 
them together with the three translations of the super-cell totalling to 48 
degrees of freedom. 

Degeneracy 

(1) Translations a ie zc ate SaaS 

(2) Oscillation of the zinc and sulphur lattices against each other 3 

(3) Oscillation of the octahedral planes of + + — 


atoms normally with the phases Lia Se LG SS 

(4) Same as (3) but with the phases . tft - = + 
LES LOS. 4 

(5) Oscillation of the octahedral planes of + + — — 
atoms transversely with the phases Zia ony LDS peo 

(6) Same as (5) but with the phases wpe ve of 
POEs Lio 

(7) Oscillations of the cubic planes of atoms + + — — 
normally with the phases Zee Se ZO Tae ve 

(8) Same as (7) but with the phases Beet or et 
Zh LIS CS 

(9) Oscillation of the. .cubic planes tangen- + + — — 
tially with the phases ZH Lage soe 

(10) Same as (9) but with the phases wt to - -— + 
Zn Zn Sp 6 
TOTAL ,. 48 
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4, The Diamond Lattice 


The case is clearly similar to that of the zincblende lattice except that 
we have now two similar atoms instead of two dissimilar ones. There are 
four similar layers of carbon atoms in the super-cell parallel to the octa- 
hedral planes and also parallel to the cubic planes. The spacing of the layers 
parallel to the octahedral planes is alternately greater and smaller, and 
hence the similarity of the two atoms leaves unaffected the distinctness of the 
frequencies of the modes in which the layers closer to each other move res- 
pectively with the same or opposite phases. On the other hand, the four 
layers of atoms present in the cubic planes are equidistant, and the 
question therefore arises whether the movements of these planes fall into 
two distinct sets or merge into one. An examination of a model 
of a, crystal shows however that in respect of oscillations in a direc- 
tion normal to the cubic planes, all the four successive layers are symmetri- 
cally and identically circumstanced. Hence, the modes in diamond analo- 
gous to those listed as (7) and (8) for the case of zincblende have identical 
frequencies. On the other hand, the situation is different for oscillations 
transverse to the cubic planes. Alternate pairs of atoms in the planes parallel 
to the cubic faces appear laterally displaced with respect to each other. 
Hence, the modes of oscillation in which the closely adjacent layers of car- 
bon atoms move transversely with the same or the opposite phases are quite 
distinct and their frequencies are different. We have accordingly the following 
scheme of normal vibrations for diamond, giving eight distinct frequencies. 


Degeneracy 

(1) Translations 3 
(2) Oscillation of the ool inter panetranite dathces ee aeH 

other a ne See ee 
(3) Oscillation of the octahedinl nia of 

atoms normally with the phases ++--— 4 
(4) Same as (3) with the phases +—-—4+ 4 
(5) Oscillation of the octahedral planes of 

atoms transversly with the phases Se ee aT 
(6) Same as (5) with the phases +——-+ 8 
(7) Oscillation of the cubic planes of atoms ++ -— — 

normally with the phases or+ —-—-+ 6 
(8) Oscillation of the cubic planes of atoms 

transversely with the phases .. se 
(9) Same as (8) with the phases +—-—-+ 6 
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5. The Rock-Salt Lattice 


Here, the sodium and chlorine ions form face-centred lattices which inter- 
penetrate in such a manner that in the octahedral planes, the two sets of ions 
appear separately in alternate and equidistant layers, while in the cubic 
planes, they also appear in equidistant layers, but interspersed. The five 
sets of possibilities for the case of a face-centred lattice therefore get 
doubled up as in the case of zincblende, but the description of the modes 
would be different owing to the altered nature of the atomic arrangements. 
It is evident that’ the layers of sodium ions lying in the octahedral planes 
can oscillate against each other independently of the chlorine ions, and vice 
versa. On the other hand, in the cubic planes, the oscillations of the two 
sets of ions are necessarily coupled with each other. We have thus the fol- 
lowing scheme for the rock-salt lattice giving nine distinct frequencies. 


Degeneracy 
(1) Translations 3 
(2) Oscillation of the ain and Prion tices sae aor 
other iy ag" 3 
(3) Oscillation of the sodium ieee naar sod Oren normally 
to the octahedral planes ee 4 


(4) Oscillation of the chlorine layers ares each eater nor- 


mally to the octahedral planes 4 

(5) Same as (3) but transversely 8 

(6) Same as (4) but transversely : 8 

(7) (a)) Coupled oscillation of the sodium wid 3 

chlorine ions normally to the 

(7) 4 cubic planes - os BAA eS 

(8) (a)) Coupled oscillation of the pediitn and be yr. *-26 
chlorine ions tangentially to the 

(3) cubic planes ei i“ i +3 ee 6 

TOTAL .. 48 


6. The Fluorspar Lattice 

The fluorite structure differs from that of zincblende and diamond in 
having three interpenetrating face-centred lattices instead of two, all the 
eight places within the cubic cell being occupied by the F ions instead of 
four being empty as in the diamond structure. We have in all 24 x 3 or 72 
degrees of freedom, and the modes of vibration may be derived from those 
of a face-centred lattice by considering the three possible alternatives; (a) 
the Ca and the two F ions are all in the same phase of vibration; (b) the Ca 
ion is one phase and the two F ions in the opposite phase; and (c) the two F 
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ions move in opposite phases, the Ca ions being at rest. In the octahedral 
planes, the Ca and F ions appear in distinct layers at unequal intervals, 
each Ca layer having two F layers disposed symmetrically on either side. 
On the other hand, in the cubic planes, the atoms appear in equidistant lay- 
ers, the Ca ion and the F ions jointly occupying the alternate layers. We 
have accordingly the following scheme of normal modes for the fluorite 
lattice, giving us fourteen distinct frequencies of vibration. 
Degeneracy 
(1) Translations 
(2) Oscillation of the Ca snrige aretih Seats the two F 


lattices Me, A 
(3) Oscillation of the ne F atten Roane each ence the 
Ca lattice being at rest ; ay, ae pes 


(4) Oscillation of the Oetanedee 


planes normally against each + + + — — — 
other with the phases F--Ca" Fo Pe Cay hae 
(5) Same as (4) with the phases —- + —- + — + 
Bh Ca FR Carle hee 
(6) Same as (4) with the phases + - = -- 
F Peay, i gaan © 
(7) Same as (4) but transversely .. LS 8 
(8) Same as (5) but transversely 8 
(9) Same as (6) but transversely 8 
(10) Oscillation of the cubic pone + + - — 
normally with the phases Cat Fo Cate. 3) 
(11) Same as (10) with the phases .. + — — 4 
Ca F, Ca F, 3 
(12) Same as (10) with the phases - + + — 
BAR Fa or 


3 
(13) Same as (10) but transversely .. mi 6 
(14) Same as (11) but transversely .. ce 6 
(15) Same as (12) but transversely .. 6 


TOTAL, 922 2am 
7. The Vibrations of Body-Centred Lattices 


The unit rhombohedral cell in this case has its faces parallel to three 
of the dodecahedral planes of the cubic crystal, while the planes which 
pass through one rhombohedral axis and internally bisect the angle between 
the other two are also three other dodecahedral planes orthogonal to the 
first set. It follows that all the six cases (+ + —), (+ — +), (—+ +), 
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{+ — —), (— + —) and (— — +), each of which is associated with 3 
degrees of freedom, represent movements of the planes of atoms lying in the 
dodecahedral planes alternately in opposite phases. There are 6 such planes, 
and allowing three orthogonal directions of movement in each case, a total 
of 18 degrees of freedom is accounted for. The three orthogonal directions 
_ of movement of the atoms lying in a dodecahedra! plane are evidently (1) 
normal to it and parallel to a face-diagonal; (2) tangential to it and parallel 
to a cube-edge and (3) tangential to it and parallel to a face-diagonal, and 
these represent distinct cases. The case (+ + +) represents translations 
of the super-cell, while the case (— — —) represents an oscillation of all 
the atoms located at the cube-corners moving in the same phase against all 
the atoms located at the body-centres moving ee in the opposite 
phase. 


The 24 degrees of freedom of the atoms contained in the super-cell have 
accordingly to be grouped in the following manner, giving four distinct 
frequencies. 

Degeneracy 

(1) Translations ; Sains ie 


(2) Oscillations of the Mie nate eat ee against 
each other normally to themselves along a face-diagonal 


of the cube ai 6 

(3) Oscillations of the alternate antcesieceal sheen nti 
each other tangentially to themselves alonga cube edge .. 6 

(4) Oscillations of the alternate dodecahedral planes against 
\ each other tangentially along a face-diagonal of the cube.. 6 

(5) Oscillations of the body-centre atoms against the cube- 
corner atoms in any three orthogonal directions. . a eee 
TOTAL .. 24 


&. The Cesium Chloride Lattice 


This structure consists of two simple cubic lattices interpenetrating each 
other in such manner that the Cs ions are located at the body-centres of the 
cubic lattice formed by the Cl ions and vice versa. As a preliminary to the 
discussion of this case, therefore, we have to write down the modes of 
vibration for a simple cubic lattice. 


The following scheme of modes for a simple cubic lattice is almost self- 
explanatory in view of the preceding detailed consideration of the face- 
centred and body-centred lattices. 
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Degeneracy 
(1) Translations : pugs 
(2) Cubic planes einratine altemately in annonee oases 
normally .. a we me laa 
(3) Same as (2) but ee eare o 6 
(4) Dodecahedral planes vibrating alternately in Baste dy. 
phases tangentially along a cube axis .. ae 


(5) Dodecahedral planes vibrating alternately in Goepeie phases 
along the two dodecahedral axes in the perpendicular 


plane $6 6 

(6) Octahedral planes vibrate nigeria in onpoats paves 
in three orthogonal directions oe - BAL £) 
TOTAL, (22 mee 


The introduction of a second interpenetrating lattice will result in all 
these six possibilities being doubled up, corresponding respectively to the 
cases in which the two adjacent non-equivalent atoms vibrate in the same 
phase or in opposite phases. It may be remarked that in the cubic planes 
the Cs and the Cl ions appear alternately in distinct and equidistant layers. 
Accordingly, we have the following scheme of normal vibrations for the 
CsCl lattice. 

Degeneracy 

(1) Translations 

(2) The Cs and the Cl Initiees saibeite Senin each oriee alone 


any 3 orthogonal directions .. 3 
(3) The Cs ions in the cubic planes aera Beart abe Stren 
with alternate planes in opposite phases, normally 2 eS 
(4) Same as (3) but tangentially .. 6 
(5) Movement of the chlorine layers in the ateniate onbie 
planes against each other, normally .. ore i eS 
(6) Same as (5) but tangentially .. 6 
(7)) Coupled oscillations of the Cs and on ions in the dadees: 
hedral planes with alternate planes Ae ie RS 
(8)) -vibrating normally in opposite phases. . 4 a - 
ape as (7) but tangentially .. me fe SiG 
(10) <b 


(11) Alternate Cs layers in the octahedral planes vibrating in 
opposite phases against each other in any three orthogonal 
directions ie re Se 

(12) Similar motion as above of the chlor iver one on Eo 


TOTAL -<..948 
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The author wishes to record here his indebtedness to Sir C. V. Raman, 
Kt., F.R.S., N.L., under whose kind guidance and encouragement the above 
work was conducted. 
Summary 


The normal modes of vibration of the simple cubic, body-centred and 
face-centred lattices as well as of the zincblende, diamond, rock-salt, flour- 
spar and cesium chloride lattices have been derived by simple geometric 
methods on the basis of the fundamental ideas set out by Sir C. V. Raman 
in the introductory paper of the symposium. It is shown that the lattices 
mentioned have 5, 4, 4, 9, 8, 9, 14 and 11 distinct frequencies respectively. 
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Introduction 


IN the first paper in this symposium, Sir C. V. Raman has discussed the 
normal modes of vibration of a crystal lattice, and has come to the conclu- 
sion that. in a normal mode, the atoms in adjacent cells must vibrate either 
in the same or opposite phases. In other words, starting from any atom, 
if one proceeds to an equivalent atom in the next cell by any one of the three 
primitive translations, the latter atom must vibrate with a phase either the 
same as or opposite to that of the former. If we represent the ratio of the 
amplitudes of atoms in adjacent cells along the three principal directions 
by a, 8 and y, then these can take only the values + 1 or —1. Also, the 
value of a, 8 or y must be the same for ai// the non-equivalent atoms in the 
unit cell, if the equations of motion are to be satisfied. Hence, in the general 
study of the vibrations of crystal lattices, we may, as a first step, apply these 
ideas to determine the nature of the vibrations for the fundamental Bravais 
lattices. 


It is, no doubt, true that few crystals possess the simple Bravais lattices 
for their structure; but any crystal can be built out of a number of such 
lattices interpenetrating one another. Then, the values of a, 8 and y will 
be the same for every one of the non-equivalent atoms in the unit cell, and 
the vibrations will pertain to the same type as those for the simple lattice. 
Obviously, each mode of the simple lattice will be split up into p modes, if 
there are p atoms per unit cell. These will have to be determined by making 
use of the condition that all the p atoms in the cell must vibrate in cither 
the same, or opposite phases, and also that the relative phases of the atoms 
must be identical in every cell. But a consideration of the relative phases 
alone is not sufficient in a general case, and gne has to take into account the 
force system, etc. However, in some simple cases with a relatively small 
number of atoms occupying special positions in the lattice, a consideration 
of phase relations alone may suffice to enable the modes to be described more 
or less completely. 
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It is clear that a complete description of the modes, and the determina- 
tion of the corresponding frequencies is, in general, not possible unless one 
has a knowledge of the nature of the interatomic forces in the crystal lattice. 
But even in the absence of such information, the symmetry of the lattice 
brings about a reduction in the number of discrete modes. Thus, if the 
application of a symmetry operation pertaining to the lattice brings one 
mode into coincidence with another, then the two must have identical fre- 
quencies. Since it is only the direction of the axes along which a, B and y 
have the prescribed values that is important, one can dispense with the 
translation group of the space-lattice altogether, and consider only the point- 
group that is located at each of the lattice points. The only symmetry 
operators that need be considered are those that belong to this point-group, 
which is a sub-group of the space-group. Hereafter, by the word “‘ operator ”’ 
will only be meant a symmetry-operator of the point-group. 


The description of a normal mode by the conditions a =+1, 8 = +1, 
y =+1 shows that there are eight possible types of motion in the most 
general case, with 3p degrees of freedom for each, if there are p atoms in 
the unit cell. Of these 24p degrees of freedom, 3 will represent the transla- 
tion of the lattice as a whole along three directions, and the remainder 
(24p — 3) will be the number of vibrational degrees of freedom. In the 
present case, p is equal to unity, and the number of distinct modes of vibration 
will be 21 in the general case ofa lattice with no symmetry. But if the 
lattice has some special symmetries, then it is found that the eight types are 
not distinct, and that some of them may be identical. Thus, they can be 
classified into a lesser number of sets, where the types in any set give identical 
frequencies. 


The directions of vibration of the three modes in each type can be found 
as follows. Suppose that the atoms are vibrating in a particular mode. 
Out of the point-group of operations which brings the lattice into self- 
coincidence, choose one which brings atoms of the same phase into 
coincidence, for that mode. Then, the mode of vibration after applying this 
symmetry operation must be the same as the one before. Hence, the 
directions of vibration in the two cases must either be the same or equivalent. 
This must be true for the whole group of symmetry-operations which brings 
atoms of the same phase into self-coincidence. This group of operations, 
which may be called the group of that type of vibration, either leaves the 
directions of vibration invariant, or brings them into one another. We 
may therefore take the following as a working rule for obtaining all the 
information about the directions of motion that is possible by using only 
considerations of symmetry: 

A3 
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For each type of motion, involving a particular combination of a, B, y> 
determine all the symmetry operations which bring atoms of the same phase 
into self-coincidence. With a postulated set of directions for the vibration, 
find if the directions are left invariant, or brought into one another. In 
the former case, the vibrations are non-degenerate, but if one direction is 
brought into another, the vibrations in these directions have the same fre- 
quency, and if all the directions are interchanged, the vibration is triply 
degenerate. If, on the other hand, none of the above possibilities occurs, 
and a direction is brought into none of the three postulated ones, then it 
cannot be a direction of motion for the normal mode. Another set of 
directions is then postulated, and the method is repeated. In this way, not 
only are the directions of motion determined, but the degeneracies for the 
vibrations in the type are also known. 


For the sake of convenient reference, we shall tabulate the directions of 
motion and their degeneracies when the group of the type of vibration is 
one of certain point-groups which will be needed in this paper. The point- 
groups that come in are all those of the holohedry in each system. The results 
tabulated here could also be checked by making use of rigorous group- 
theoretical methods. In the second column are shown the states to which 
the vibrations belong, and the number of modes coupled in each. These 
have been arrived at by the standard method of using character tables. 


States of the 


Point-group Description of the directions of vibration 


vibrations 
C; ..| 3coupledin | Three directions unspecifiable. 
u 
Coz ..| lin A, and One direction along the 2-fold axis, and the other two undetermin- 
2) coupled in ed, lying in the plane perpendicular to it. 
& 
Dy or Vz...| lin Bix, The three directions are orthogonal, and are along the directions 
lin B.,, and | of the three 2-fold axes. : . ; 
1 in B;,, 
Dak lin Aj, and Ore direction along the 4-fold axis, and the other two degenerate 
Lin B, in the perpendicular plane. 
Dsd -.| lin A;,, and | One direction along the 3-fold axis, and the other two degenerate 
lin E,, in the perpendicular piane. 
Dez .-| Lin Ay, and | One direction along the 6-fold axis, and the other two degenerate 
lin E,y in the perpendicular plane. 
O; 3 | dun Ty, The vibration is triply degenerate. 


MOET SSL ek 
Using the above general methods, the modes of vibration will now be 
worked out for the fourteen Bravais lattices. The primitive translations will 
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be represented by OA, OB and OC, and a, B, y will respectively pertain to 
these three directions. 


1. Triclinie Lattice Ty, 


This lattice has the highest symmetry of the triclinic system, i.e., that 
of triclinic holohedry, C;. The symmetry operations are identity 1 and 
inversion I. The latter only reverses the direction of the primitive transla- 
tions, which however does not alter the value of a, B or y. Hence, no two 
modes are identical, and there are 21 distinct modes of vibration falling into 
7 types. These types can be described as the vibration of atoms in alternate 
crystallographic’ planes with opposite phases. Each has three degrees of 
freedom, but the direction of vibration for these cannot be specified from 
considerations of symmetry alone, for the group of every one of the eight 
types is C;, which brings any direction into self-coincidence. The description 
of the modes is given below: 


No apy Description Number 
of modes 
lto 3 +++ Translation of the lattice as a whole fete 


4to 6+-+ — Vibration of atoms in alternate (001) planes with 


opposite phases along three unspecified directions Lor st 

Tto 9+-—-+ Same as (4) to (6), but of alternate (010) planes Le tat 
10 to 12 — ++ Same as (4) to (6), but of alternate (100) planes ON A ee 
13 to 15 — — + Same as (4) to (6), but of alternate (110) planes Berg ne Peg 
16 to 18 — + — Same as (4) to (6), but of alternate (101) planes Rolo 
19 to 21 + — — Same as (4) to (6), but of alternate (011) planes theta Bea 
21 to 24 — — — Same as (4) to (6), but of alternate (111) planes ee eg | 

Total ne 24 


Number of discrete modes of vibration 21. 
2. Simple Monoclinic Lattice Ivy, 


This has the highest symmetry of the monoclinic system, namely that 
of the point-group C,,. The symmetry operators are the identity 1, A(z), S; 
and A(z) S;, where A(m) denotes a 2-fold axis along the z-axis, and S, a 
horizontal reflection plane normal to it, containing the x and y axes. Two 
of the primitive translations OA and OB are taken in the symmetry plane 
along Ox and Oy respectively, and the third OC is taken perpendicular to 
them along Oz. Obviously, the application of every one of the symmetry 
operations only brings the axes into self-coincidence, or reverses their 
direction, neither of which alters the value of a, B or y. Hence, here also, 
we have 21 distinct modes of vibration, but the directions of some of these 
can be specified. The group of every one of these is verified to be C2,, so 
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that one direction is along the 2-fold axis Oz, and the other two lie in the 
plane xOy. 


No. a py Description Number 
of modes 
lto 3+-+-+ Translation of the lattice as a whole = Re Py: 
4+ + — Vibration of atoms in alternate (001) planes with 
opposite phases, normally to the planes .. bn 1 
5,6 ++ — Same as (4), but transversely in two undetermine 
directions in the plane .. a: tre te lat 
7Tto 9 +—+ Vibration of atoms in alternate (010) planes along three 
directions, one parallel to Oz and the other two in 
the plane xOy .. res A La 
10to 12 —+-+ Same as (7) to (9), but of (100) planes Lie 
13 to 15 — — + Same as (7) to (9), but of (110) planes Rees P| 
16 to 18 — + — Same as (7) to (9), but of (101) planes lise 
19 to 21 + — — Same as (7) to (9), but of (011) planes 1,348 
22 to 24 — — — Same as (7) to (9), but of (111) planes 1; 138 


Total ers 
Number of distinct modes of vibration 21. 


3. Side-Centred Monoclinic Latiice I',' 


In this lattice two opposite sides have atoms at the centre in addition 
to I,,. The primitive translations, as also the directions of the crystallo- 
graphic axes are marked out in Fig. 1. This lattice has also the point-group 
symmetry of C,,, and the application of the symmetry operations results in 
the following: 

1 leaves the primitive translations unaltered, 
and if we denote the new values of a, f, y, 
by a’, B’, y’, respectively, then a’=a, 
B= Bf, y'=y. 

S; converts OA—>— OB, and OB—>— OA, 
leaving OC unaltered. Hence, p’ =a, a’ =f, 
y=y. 

A (7) has the same effect on a, B, y as S;, and 

A (7) S; produces no changes in a, 8, y. 

If we work out the effect of these trans- 


formations on the eight combinations of a, B 
and y, then it is found that + — + and 


Fic. 1. Side-centred . 
Monoclinic Lattice — + + are equivalent, and that so are 
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+ — — and — + -, the rest being distinct. The group of these four is 
only C; so that the directions of vibration cannot be specified. For the rest, 
the group of the vibration is C,;, and one direction is along Oz, the other two 
lying in xOy. The modes of vibration can, therefore, be described as follows: 


Noy .a By Description Number 
of modes 
lto 3+++ Translation of the lattice as a whole oe eae Paes Wea | 


4to 6+ -+— Vibration of the atoms in alternate (010) planes in 
three directions, one along Oz, and the other two in 
the plane xOy . Pe ae pe lackyek 
7to 9 ——-+ Same as (4) to (6), but of (100) planes - OR bea | 
10 to 12 + — ue Vibration of atoms in alternate (101) and (101) ce 
— + +) with opposite phases in three undetermined directions 2, 2, 2 


13 to. 15 + — rs Same as (10) to (12), but of (111) and (111) planes .. 2, 2, 2 


16 to 18 — — — Same as (4) to (6), but of (011) planes 25 coin Peo) oo | 


Total -%. 24 
Number of distinct modes 15. 
4, Simple Orthorhombic Lattice I, 


This lattice has the full symmetry of the orthorhombic system, i.e., of 
the point-group V, or D,,. The symmetry operations are 1, U, V, W; 
S,, US,;, VS;, WS,z, where U, V, W are respectively rotations through a 
about 2-fold axes along Ox, Oy, Oz, and S, isa reflection on the xy plane. 
The primitive translations may be taken along Ox, Oy and Oz, so that none 
of the symmetry operations alters the value of a, 8 or y. Thus, for this 
lattice also, there are 21 modes of vibration, but the directions of the vibra- 
tion can be specified for all of them, since the group of all ie eight types of 


vibration is Dg,. 


No af y Description Number 
of modes 
1to 3 +++ Translation of the lattice as a whole ae 1, 1, 1 


4to 6++— Vibrations of atoms in alternate (001) planes with 


opposite phases along the directions Ox, Oy, Oz (it 

Tto 9+—-+ Same as (4) to (6), but of (010) planes eS! 
10to 12 —+-+ Same as (4) to (6), but of (100) planes .. wren Ll 
13 to 15 ——-+ Same as (4) to (6), but of (110) planes a SO ee SI 
16 to 18 —+— Same as (4) to (6), but of (101) planes ered StL | 
19 to21 + —— Same as (4) to (6), but of (011) planes i Pa Fg] 
22 to 24 — — — Same as (4) to (6), but of (111) planes | Re ee | 


Otal=e--. 24 
Number of distinct modes 21. 


B72 ~G. N. Ramachandran 


5. Side-Centred Orthorhombic Lattice Ig. 

This lattice has, in addition to the simple orthorhombic lattice, two 
points at the centres of two opposite sides. The unit cell of the lattice is 
shown in Fig. 2, where OA, OB, OC are 
the primitive translations, and Ox, Oy, Oz 
are the orthorhombic axes. This lattice also 
has the pointgroup symmetry of V;, and the 
application of the symmetry operations 
produces the following transformations: 

1 leaves a, 8, y unaltered. 

U makes a’= 8, p’=a, y’=y. 

V makes a’= B, p’=a, y’'=y. 

W leaves a, 8, y unaltered, and S, also does 
the same, so that S, U, S, V, S, W have 
the same effect as U, V, W respectively. 


Hence, out of the eight combinations of 
a, Band y, only 6 are distinct, two pairs 


AY . : 
Fic. 2. Side-centred being equivalent, viz. (+ — +, —+ +); 
Orthorhombic Lattice (+ eet aa ght =) For these four types, 


the group is C,,, while for the rest itis V;. The modes of vibration can, 
therefore, be described as below : 


No afBy Description Number 
of modes 
lto 3 +++ Translation of the lattice as a whole bf ay eb 
4to 6+-+ — Vibration of atoms in alternate (001) planes with 
opposite phases along the directions Ox, Oy, Oz 1;*19 
7Tto 9——-+ Same as (4) to (6), but of (100) planes = ee 
10 to 12 — — — Same as (4) to (6), but of (101) planes . 3a 
13 to 15 + — i Vibration of atoms in alternate (110) and (110) planes 
— + +) along three directions, one along Oz, and the other 
two in the plane xOy .. + ney ). 127.25a 
16 to 18 + — ey Same as (13) to (15), but of (111) and (111) planes. ; 27253 
— 4. oes 


veg Totali-y 22 
Number of distinct modes of vibration 15. if a 


6. Body-Centred Orthorhombic Lattice Ty" 


; This lattice has, in addition to the simple lattice I’, a point at the centre 
of its unit cell. The primitive translations can be taken as the line joining 
the centre O to three of the corners A, B, C as shown in Fig. 3. The ortho- 
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rhombic axes Ox, Oy, Oz will be parallel to the sides of the rectangular 
parallelepiped. The translation along the fourth direction OD to the adjacent 


atom may be represented by (OA + OB + 00), and the phase change for 
the translation will be the product of those for OA, OB and OC, i.e., equal 
to aBy. This lattice has also the symmetry of the point-group V,, and the 
application of the symmetry operations of this group results in the following: 


1 leaves a, B, y unaltered. 
U makes a’=y, fp’ =afy, y'=a. 
V makes a’=afy, p’=y, y'= 8. 
W makes a’= 8, p’ =a, y’= afy. 
SA Makes a = 9,06! = a, y= ay. 
S,U makes a’=afy, p’=y, y' =f. 
SzV¥V makes a’=y, Bp’ =aBy, y’ =a. 
S,W makes a’=a, Bp’= 8, y’=y. 
On working out the effect of these trans- 


formations on the eight combinations ofa, 
B and y, the following sets become identical: 


5 PST ae eee tt anc he PRE Wig cM 5 ok olan Meee 

Fic. 3. Body-centred Gr ee) Or these-six types, the 

Orthorhombic Lattice group of the vibration is only C.,, while for 

(+ + +) and (— — —), itis V,. Hence, the modes of vibration are the 

following: 

No af y Description Number 

of modes 

lto 3 +++ Translation of the lattice as a whole y eine A eet 
4to 6 — —— Vibration of the two lattices, composed of the atoms 


at the centre, and of atoms at the corners, against 
one another with ee phase, Bae to Ox, Oy 
and Oz y hate heh 


Tto 9 ++ — Vibration of atoms in alternate (1 10) and io) pte. 
— —+ along three directions, one parallel to Oz, and the other 


two lying in the plane xOy i PY NDS 
10 to 12 + —+ Same as (7) to (9), but of (011) and (011) Aa tong 
—+-— Ox and two other directions in yOz .. PLO Ps 
13 to 15 + — — Same as (7) to (9), but of (101) and (101) planes sons 
—+4 Oy and two other directions in zOx to Dh eae | 
LOtale sss. 24 


Mamber oF distinct modes 12. 
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7. Face-Centred Orthorhombic Lattice Ty’ 


This lattice has, in addition to the simple orthorhombic lattice, atoms 
at the centres of the six faces. The primitive translations OA, OB, OC can 
be taken as the lines joining a corner to the centres of three faces intersecting 
at that corner, as shown in Fig. 4. The translations to the centres of the 


> > > > = > 
other three sides will be (OB — OC), (OC — OA) and (OA — OB), and 
the phase changes for these translations are By, ya and af respectively. 
Applying the symmetry operations of the point-group V,, to which the lattice 
belongs, to the eight combinations of a, 8, y, we find that 
1 leaves a, f, y unaltered. 

U makes a’=a, p’=ya, y= af. 

V makes a’= fy, B’=8, yy’ =cB. 

W. makes a’= By, B’=ya, y= y. 

S,. makes-'a’= By, BP’ ="ya, “y= ¥, 
S,U makes a’ = py," p =6, 9 =e. 
SzV¥. Makes a= «4, 6 = a.04 = ao 
S,W makes «=a, 8) ==16), -yieean 


Working out these transformations, the 
following become equivalent (+ + —-, 
+—-+, —++, —-—-—), and the other 
four are left invariant. The group of the 
vibration in this set of four is only C;, so that 

Fic. 4. Face-centred the directions cannot be specified. For the 

Orthorhombic Lattice rest, the group is V;, and the vibrations take 
place along Ox, Oy, Oz. The modes of vibration can be described as below: 


No. afB y Description Number 

of modes 

lto 3+++ Translation of the lattice as a whole Pe ae bo | 
4to 6+-—-— Vibration of atoms in alternate (100) planes along 

Ox, Oy, Oz with opposite phases ; os Slay 

7to 9 —+— Same as (4) to (6), but of (010) planes = =) Lol 

10 to 12 — — +. Same as (4) to (6), but of (001) planes ey 
13 to 15 + -+ — Vibrations of atoms in alternate (111), (111), (11d), 

= (111) planes in three unspecifiable directions -- 44,4 


Total number of distinct modes 12. Total >, amen 
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8. Simple Tetragonal Lattice I, 


This lattice possesses the full symmetry of the tetragonal system, i.e., 
of the point-group D,,. The symmetry-operations are 1, A (z/2}, A (zx), 
A (7/2); U, A(@/2)U, A) U, A (G/2)U; S,, A(a/2)8,, A (x) S,, 
A (37/2) S,; US,, A (7/2) US;, A (7) US,, A (37/2) US;. Here, A is a four- 
fold axis along Oz, and U represents a rotation through 7 about a twofold 
axis along Ox. S, denotes a reflection in the plane xOy. We take the pri- 
mitive translations along Ox, Oy, Oz respectively. Then, the application of 
U, A(z) and S, does not alter the values of a, B, y; but the operations 
A (7/2) and A (37/2) bring about an interchange of a and B, a $> 8, leaving 
y unaltered. Hence, out of the eight combinations of a, 8, y, two become 
equivalent with two others, viz. (+ —+, —++); (4-— -—, —+--), 
and there are only six distinct sets. For the four types, + — +, — + +, 
+ — — and — + -, the group of the vibration is Vz, and the directions of 
vibration are distinct and lie along Ox, Oy, Oz. For the other four, the group 
is D4,, so that one vibration is along Oz, and the other two are degenerate in 
the plane xOy. The modes of vibration may therefore be described as follows: 


Nos >a. By Description Number 
of modes 
1,2 +++ Translation of the lattice as a whole os A 1,:2 
3 ++— Vibration of alternate basal (001) planes normally 
along Oz, with opposite phases .. 1 
4+ + — Same as (3), but transversely along Ox and ‘Oy, which 
are, however, degenerate 9 
5 + —-+ Vibration of alternate prismatic (100) and (010) planes 
244+ normally 2 5) 
6 +—-+ Same as (5), but Phen ly paraiiel to ne eesonal 
—+-++ axis OZ 2 
7+—-+t Same as (5), but Paneverscly along the third Ipernendis 
: —+ ++ cular direction, i.e., Oy and Ox respectively ©. 2 
8 + — — Vibration of atoms in alternate (101), ae planes 
—+— along Oz, with opposite phase .. : hy, 2 
9,10 + —— Same as (8), but along Ox and Oy .. $3 ce ow 
=n nae 
11 — + — Vibration of atoms in alternate (110) planes along 
the 4-fold axis Oz wi 1 
12 ——-+ Same as (11), but in two directions i in the plane xOy, 
which are degenerate .. ae i 2 
13 ——— Same as (11), but of (111) planes Blane Oz .. id 1 
14 — — — Same as (11), but of (111) planes along two directions 
in xOy, which are degenerate .. os ce 2 
Total, 24 


Number of distinct modes of vibration 12. 


276 G. N. Ramachandran 
9. Body-Centred Tetragonal Lattice I,’ 


This lattice has, in addition to the simple lattice I’,, an atom at the centre 
of the square prism, and has the symmetry of the point-group D,,. The 
primitive translations can be taken, as in the body-centred orthorhombic 
lattice, to lie along the lines joining the centre to three of the corners. In 
fact, Fig. 3 will suffice for this lattice, but it must be remembered that Oz 
is a four-fold axis in this case, and that Ox and Oy are equivalent. The 
effect of the symmetry operations on the primitive translations is as follows: 


1 leaves a, B, y unaltered. 
A(z/2) makes a’=y, f’=aBy, y'=B. 


A (7) makes a’ =f, f’=a, y’ = aBy. 
A (37/2) makes a’= aBy, B’= y, y' =a. 
U makes a’'=y, p’=afy, ' =} Oh, 
A(7/2)U makes a’=a, f’=8, y’ = aBy. 
A(z) U makes a’=afy, p’=y, y' =p. 
A (37/2) U makes a’= 8, — f’=a, ‘ ='y, 
S,; makes:0%=)8;-04 B= a, y’ = aby 
A (7/2) S, makes a’=aBy, p’=y, y =a 
A(z)S,; makes a’=a, f’=8, y'=y. 
A (37/2) S,; makes a’=y, p'=afy, of =p: 
US, makes a’=afy, p’=y, y' = B. 
A (x/2) US, makes a’=f, fp’=a, y=y. 
A (7) US; makes a’=y, fp’ =afy, yy =a, 
A (37/2) US; makes at=a." (B* =. y’ = aBy. 
Using these, one finds that there are only four distinct sets, the following 
being equivalent (+ + —, — — +); (+ -—-—, —+ +, +—+, — + =) 
Of these, only (+ + +) and (— — —) have D,, as the group of their — 


vibration. The group of (+ + —) and (— — +) is V,, and of the rest, 
C.,. Hence, the modes of vibration are as follows: 


No. a By Description Number 
of modes 
1,2 +++ Translation of the lattice as a whole he ss i ie 
3-+-+- Vibration of atoms in alternate (110), (110) planes 
——+ normally, with opposite phase .. <3 sey 2 
4 heki-s Same as (3), but transversely along the tetragonal 
——+ axis, Oz ee a rhe ais = 
5 ++ — Same as (3), but transversely perpendicular to Oz 2 
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No afBy Description Number 
of modes 
6to 8 + —W— Vibration of atoms in alternate (011), (011) planes 
—+-+ along Ox, and two other directions in yOz, and of 


+—-+ (101), (101) planes along Oy and two other direc- 


Seton 4 COS. En ZOIK LG se. 4, 4, 4 
9 — — — Oscillation of the two antics composed of the Sioms 
at the centre, and those at the corners, against one 
another, along Oz ‘ 1 
10 — — — Same as (9), but along tH directions in xOy, hich 
are degenerate a Be Ke ra Z 
Soul 24 


Number of distinct modes of vibration 8. 


10. Rhombohedral Bravais Lattice T,, 

This lattice has the full symmetry of the rhombohedral division of the 
hexagonal system, /.e., of the point-group Dsg. The unit cell and the primitive 
translations are shown in Fig. 5, where Ox, Oy, Oz are the hexagonal 
crystallographic axes. The symmetry operations of the point-group Dgg are 

1, A (27/3), A (47/3); U, A (27/3) U, A (47/3) U; 
I, A (27/3) I, A (47/3) I; UI, A (27/3) UI, A (47/3) UI. 
Here, A is a threefold rotation axis along 0z, U is a twofold axis along Ox, 
and I is the operation of inversion. Of these, 
A (27/3) makes a’= B, p’=y, y= a4. 
A (47/3) makes a’=y, B’=a, y’= 8. 
Umakesia =a, B=, y'= 8. 
A (27/3) U makes o«’=y, p’=8, y’=a. 
A (47/3) U makes a2= 6, p’=a,¥'=y. 
I leaves a, B, y unaltered, so that the other 
operations produce only similar transforma- 
tions. 


Applying these to the eight combinations of 
a, B, y, one finds that they split up into four sets, 
fader rcs Cee art Pt ier aad) S 
(——+, —+-, +—-). The group of the 
first two sets is Dzz, but for the types of vibration 
in the other two, the group is only C,,, so that the 
vibration is specifiable in only one direction, the 


Fic. 5. Unit cell of the pee ; 
Rhombohedral Lattice other two lying in a perpendicular plane. The 


modes of vibration may therefore be described as follows, using rhombo- 
hedral indices. 
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NOR op ay Description Number 
of modes 
1,2 ++ +4 Translation of the lattice as a whole : 1,2 

3 — —— Vibration of alternate (111) planes normally along 
the 3-fold axis, Oz e 1 

4 —— — Same as (3), but transversely, the vibration being 
degenerate in the plane.. 2 

5 ——+ Vibration of atoms in alternate 10), (od), 1D 
—-+— planes along the normal to the plane Rs : 3 

-- oe 

6,7 ——-+ Same as (5), but transversely in two directions in the 
eb plane ne “5 Bs ~ 4% 3,3 

8 to 10 a +— Same as (5) to (7), but of atoms in alternate (001), 

+—+ (010), (100) planes, which form the sides of the 
—++ thombohedral unit cell .. x a ae. Oe 

Total .. 24 


Number of distinct modes 8. 
71. Hexagonal Bravais Lattice I, 

This lattice, which is shown in Fig. 6, has the full symmetry of the 
hexagonal system, 7.e., of the point-group Dg,. The symmetry operations are 
{Ce} = 1, A (7/3), A (27/3), A (7), A (47/3), A (57/3), where Cg is a sixfold 
axis parallel to 0z, {CgU}, where U is a twofold axis along Ox, {C,S,} and 
{C,US;}, where S; denotes reflection in the plane xOy. The primitive translations 
OA, OB, OC lie in this case along the hexagonal axes 
Ox, Oy, Oz respectively. The effect of symmetry 
Operations on a, f, y is easily seen to be as below: 

1 leaves a, B, y unaltered. 

A (7/3), A (47/3) make a’= af, B’=a, y'=y. 

A (27/3), A (57/3) make a’= 8, p’=af, y’=y. 

A(z) makes a’=a, p’=f, y'=y, 

U makes a’=a, f’= a8, y’=y. 

A (77/3) U, A (47/3) U make a’= B, B’=a, y’=y. 

A (27/3) U, A (57/3) U make a’ = af, B’ = B, y=y¥. 
S; leaves a, B, y unaltereds so that the others need 

not be considered. 


f The combinations of a, 8, y thus reduce to 
Fic. 6. ee Bravais the four sets (+ + +); (++ —); (F= = 
conn’ —+t-, ——-—); (~ —-+, +— +, — eds 
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For the first two types, the group of the vibration is Dg, and for the 
others it is only V;. The modes of vibration are, therefore, 


Wor. %a-p y Description Number 
of modes 
1,2 +++ Translation of the lattice as a whole Ae sh Te 
3 +++ — Vibration of alternate (0001) basal planes against one 
another normally, along 0z Ae 1 
4+-+— Same as (3), but transversely, degenerate in ihe Slaten 2) 
5 —-—-+ Vibration of atoms in alternate prismatic planes (0110), 
+—-+ (1010), (1100) with opposite phases, normally to 
—-+-+ - the plane Pe: 3 
6 ——-+ Same as (5), but Rraneversely nlphe the “hexagonal 
+—-+ axis Oz a =: . Ks 3 
as + a 
7 ——-+ Same as (5), but transversely perpendicular to Oz .. 3 
++ 
~++ 
8 to 10 — — — Same as (5) to (7), but of the planes (0111), (1011), 
+—-— _ (1101) planes along the same directions as in (5) 
—+- to (7) a, a = oS aD Reimers 
Totabe va. 24 


Total number of distinct modes 8. 


12. Simple Cuvic Lattice I, 


This, and the next two lattices have been discussed by E. V. Chelam 
in another paper appearing in this symposium. However, for the sake of 
completeness, and for a clearer understanding of the methods proposed in 
this paper, they are also tabulated. The full symmetry operations, and the 
detailed working will not be given here. 

The simple cubic lattice has the highest symmetry of the cubic system, 


i.e., of the point-group O,. Taking the primitive translations along the cube 
axes, an application of the symmetry operations shows that the eight combi- 


nations of a, B, y fall into four sets, (+++); (-——); (4+4+-, 
ee + — ++): (——+, —+ -, + ~—).: Of these, the group of 
the vibrations of the type (+ + +) and (— — —) is 0,, so that they are 


triply degenerate. The group of the remaining six is D,,. The modes of 
vibration may therefore be described as follows: 
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No. aB y Description Number 
of modes 
1 +++ Translation of the lattice as a whole i y 3 
2 — — — Vibrations of alternate octahedral (111) planes with 
opposite phase, triply degenerate 3 
3 ++ — Vibration of alternate cube faces with opposite phase, 
+-—-+ normally ie ‘ic 5% He 4 3 
ora as 
4++— Same as (3), but transversely, the vibration being 
+—-+ degenerate in the plane .. Ff hs em 6 
sigcht . 
5 ——-+ Vibration of atoms in alternate dodecahedral {110} 
—-+— planes with opposite phase along the cube axis in 
+--—- the plane $4 3 
6 ——-+ Same as (5), but along the normal to the Blane ck 
—+-—- along the third orthogonal direction, i.e., the dodeca- 
+—— hedral axis in the plane, the two being of ae same 
frequency he - a op * 6 
Total® 93% 24 


Number of distinct modes 5. 


13. Face-Centred Cubic Lattice I,’ 


This lattice has points at the centres of the six cube faces in addition to 
those at the corners. The primitive translations may be taken as the lines 
joining a corner to the points at the centre of any three faces intersecting 
at that corner. Applying the symmetry operations of the point-group O; to 
which this lattice belongs, the eight possible combinations of a, B, y fall into 
three sets, (Ff ++); (¢ +-, +--+, -—-4+4+, ---); (--—-4, 
—+-, + -—-). The group for the vibration in the first set is O;, that for 
the second set is D3g and for the third D,,;. The vibration in the first set 
is therefore triply degenerate, and in the other two, one vibration is along 
the threefold or fourfold axis, and two vibrations are degenerate in the 
perpendicular plane. The modes of vibration are as follow: 


No aBy Description ; Number 
of modes 
1 +++ Translation of the lattice as a whole 3 
2 +-—-+ Vibration of alternate {111} octahedral Slane witli 
+—-+ opposite phases, normally se ie wa 4 


—+ — 
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No. aBy Description Number 
of modes 
3 +-+— Same as (2), but transversely degenerate in the plane. . 8 
Th a ee 
Ora & 
4 ——-+ Vibrations of alternate {100} cube faces normally .. 3 
Aes 
Es a 
5 ——-+ Same as (6), but transversely the vibration being 
—+— degenerate in the plane .. ip *) ae 6 
+ eae Se 
Otaly oe 24 


Number of distinct modes 4. 


14. Body-Centred Cubic Lattice I," 


This lattice has a point at the centre of the cube in addition to I, and 
possesses the symmetry of O,. The primitive translations may be taken along 
the lines joining the centre to any three of the cube corners. An applica- 
tion of the symmetry operations shows that there are only three sets of 
combinations of a, Bf, y, viz, (+++); (-~-—-—); (44+ -, +-—4, 
—++4, —-4+, —+-, +-—-). Except the first two, whose group 
is O,, the group of all the other six types of vibration is only V;, so that the 
vibrations along the three directions are of different frequencies. 


No. a B y Description Number 
of modes 
i + ++ Translation of the lattice as a whole as 3 
2 — — — Triply degenerate vibration of the two interpenetrat- 
ing cubic lattices against one another .. 3 


3to5 ++ — Vibrations of alternate {110} dodecahedral aids 
+—+ with opposite phases, in three directions, normally, 
—++4+ transversely parallel to a cube axis, and transverse- 
—-—+ ly along the dodecahedral axis in the plane SOs On G 
— + ces 
+ aS See 


Total ivy +224 
Number of distinct modes 4. 
The work reported in this paper was undertaken at the suggestion of 
Prof. Sir C. V. Raman to whom I am extremely grateful for the many help- 
ful discussions I had with him. 
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Summary 


In this paper, the degeneracies and the directions of the normal modes 
of vibration in the fourteen Bravais lattices are worked out from symmetry 
considerations, making use of Sir C. V. Raman’s theory. Denoting the 
ratio of the displacements of adjacent atoms along the primitive translations 
by a, B, y, these can have only the values + 1 or — 1, so that the vibrations 
fall into eight types in the general case of no symmetry. In lattices possess- 
ing symmetry, however, some of the types could be brought over into others 
by the application of symmetry operations, and thus would be equivalent 
with the latter. Also, the directions of motion in any particular type of 
vibration may be equivalent. This is determined by selecting a group of 
operations which brings the atoms of the same phase to coincide for that . 
type of vibration, and finding the directions of motion which satisfy the 
symmetry requirements of this group. In this way, both the directions of 
motion and their degeneracies are known. The number of distinct modes 
of vibration computed for the various lattices, arefor I,,21; I, 21, I,’ 15; 
Po 2, Co slaw Dy andl» 9125 0412s Ty Bb Lp Sins dene tele 
The modes are also described in as complete a manner as could be done by 
using considerations of symmetry alone. 
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7. Introduction 


THE usual theoretical investigations of the vibration spectra of dynamical 
systems (when slightly displaced from an equilibrium configuration) start 
with some postulated quadratic forms for the kinetic and potential 
energies. The problem then reduces to a transformation of the quadratic 
forms to sums of squares, or what amounts to the same thing, to a 
solution of a set of linear homogeneous equations representing the equations . 
of motion of the system. The sets of solutions so obtained define normal 
vibrations which represent independent dynamical modes in each of which 
the system can persist for an indefinite time. In any normal vibration all 
the constituent atoms of the system necessarily move with the same 
frequency and with the same or opposite phases. 


In a crystal we have to deal with an immense number of similar kinds 
of atoms all arranged, when in their equilibrium positions, upon a regular 
triply periodic structure known as the space-lattice. An actual crystal, 
though finite in extension is very large compared to the inter-atomic dis- 
tances. When dealing with high frequency interatomic and intercellular 
vibrations, which obviously depend very largely upon the internal geometric 
arrangement of the crystal, we are clearly justified in ignoring the boundary 
and replacing the actual crystal by one with an infinite extension in space. 
This merely expresses the plausible physical assumption, that, in a crystal 
with an immense periodic array of atoms, all the corresponding atoms in 
different unit cells of the lattice stand exactly on the same footing in 
relationship to their neighbourhood. From a mathematical point of view, 
this equivalence of the lattice cells in an infinite crystal is expressed by what 
is usually called ‘translational symmetry’. We have to investigate the 
nature of the normal modes of such a dynamical system. 


Now a normal mode of a system represents a state of motion which 
can continue indefinitely (in the absence of perturbing forces) and inde- 
pendently of other possible modes. It corresponds to a single degree of 
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freedom of the system and it is therefore sufficient, when describing any 
particular normal mode, to specity the motion of any single atom in that 
mode. The displacements of all the other atoms in the particular mode are 
not independent quantities, but are uniquely expressible in terms of the 
displacement of that atom. A normal mode thus carries with it a descrip- 
tion of the movement of any particular atom of the system, and the relative 
displacements of all the other atoms with respect to the particular atom 
chosen. In the most general case (lack of any symmetry) these relative 
displacements cannot be computed unless the nature of the forces in the 
system is known. The expressions for the displacements can only be derived 
from the equations of motion and involve the various force constants. The 
presence of symmetry in the system however permits us to wiite down 
some of these relative displacements at least in some of the normal modes. 
These relations are a consequence of symmetry only and hold good in any 
type of force field whatever, provided it leads to a quadratic form for the” 
potential energy. A crystal represents a dynamical system with a high 
degree of symmetry, namely, the translational symmetry. The lattice as a 
whole may be displaced vectorially through three primitive lengths (or 
products or powers of these lengths), and still it returns to self-coincidence. 
Or, as has been stated earlier, all equivalent* atoms in the lattice stand on 
exactly the same footing in relationship to their neighbourhood. This 
equivalence has very important consequences and greatly reduces the 
complexity of the equations of motion and of the general quadratic form. 
In the fundamental paper which forms the introduction to this symposium, 
Sir C. V. Raman has formulated the equations of motion in terms of the most 
general force constants and has shown that this equivalence at once leads 
to the theorem that all equivalent atoms must have the same amplitude in 
every truly stationary normal mode. Further, the relative phases can | 
either be the same or opposite with no other possibility. Starting with a 
particular atom (which for convenience we may locate at a lattice point) 
we can arrive at the nearest atom equivalent to it along a particular axis by 
moving through a primitive translation along that axis. According to 
Sir C. V. Raman, these two atoms have the same amplitude, but the same or 
opposite phases, in every normal mode. Once the relative displacement 
of these atoms is thus fixed, the translational symmetry at once fixes the 
displacement of every other atom equivalent to this along that axis. If the 
two nearest equivalent atoms have the same phase, the next one should also 


* Two atoms are said to be equivalent when they can be brought over into one another by a 
translation operator, which should also bring the entire crystal into self-coincidence. With this 
definition the smallest unit cell contains no two equivalent atoms. 
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have the same phase, and so on. We would thus have a motion of which 
the phases may be pictured thus: 


tiara aaa quetits er (1) 
On the other hand if they have opposite phases, the motion must be like 
+-+-+-4- (2) 


These two results are a consequence of the fact that a primitive translation, 
being a symmetry element of the lattice does not alter the physical nature 
of a normal mode. The two possibilitics given above arise for translations 
along one of the primitive axes. The other two axes have two such cases 
associated with each and the total number of distinct possibilities is thus 
2°= 8. In Sir C. V. Raman’s notation, these cases are represented by 
a=+1; P=+1; y= +1 (3) 
Here a, 8, y are the ratios between the displacement of any atom and its 
nearest equivalent atoms for primitive translations parallel to the axes. If 
Ug (= Xo) Vo» Zo) is the displacement any such atom chosen as the basis and 
Uy, Ux, Ug, those of the three atoms equivalent to it as above, we have, 
Og a, ee es [= x, yor 2), (4) 
The effective number of independent dynamical variables in the system 
is thus reduced to the number of degrees of freedom of the set of non- 
equivalent atoms in the crystal. This is 3p if p is the number of non-equi- 
valent atoms in the crystal, and considering the 8 alternative possibilities 
which go with this set, we may speak of 24p dynamical variables which cbe 
the relations (4). The next step is to write down the equations of motion 
and get the determinantal equation of order 24p. Either a group theo- 
retical analysis (to be given below), or a simple consideration of the 
symmetry shows that the cight possibilities are independent, mutually non- 
combining, and exclusive. Hence these relations can be substituted in the 
equations of motion one after another, and we get eight different determi- 
nantal equations of reduced orders 3p each. In the absence of further 
‘symmetry, no further reduction is possible and we get (24p - 3) distinct 
frequencies (excluding 3 for pure translations). All these are different and 
symmetry is only helpful in separating them into the eight non-combining 
groups mentioned above. The 3p frequencies in each of these groups are 
coupled, i.e., not separable by symmetry alone. The exact force field must 
be known to write down the normal co-ordinates and the frequencies for each 
separately. The presence of further symmetry in the crystal (rotations, 
reflexions, etc.) simplifies the matters much further and to cover these cases, 
group theoretical analysis is most helpful, from the point of view of rigour 
as well as simplicity. ‘These questions will now be discussed, 
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2. The Symmetry Group 


As emphasized earlier, every truly infinite lattice has translational 
symmetry represented by the three primitive translations, as well as their 
vatious products and powers. All these taken together form an Abelian 
group. In the dynamical problem at hand involving 24p dynamical 
variables only, the translation group assumes a very special character. It 
will be noticed from relations (1) and (2) that a basis atom has the same 
amplitude and the same phase as an equivalent atom derivable from it by 
translations 27,, 27,, 27, or products and powers of these lengths. The 
dynamic pattern is thus exactly repetitive in the lattice with a second-order 
super-cell as the repeating unit. In the investigation of these normal modes, 
therefore, 27,, 27, and 27, are equivalent to identity. If u,= (x,,y,, Z,) is an 
atom in this super-cell, a translation 27,, (or, 27,, or 27,) carries.it into 
another atom u,(=X,, y;,Z,) Which however is identical with u, in dis- 
placement . 
Uyp= Us (5) 
Hence the effect of the translation r > s upon the dynamical variables* is 
the same as identity and all such translations, their powers and products, 
can be treated as identity. The translation group thus reduces to the 
Abelian group defined by 


T_' = Ty? = Ts*=E 5 Ty Ty = Ty Tz, etc. (6) 


It has eight operations in all, namely, E, ty, ty, 7;, Te Ty, Ty Tes TeT and 
T, 7,7; It will be noted 7,-°=7,, etc. Any quadratic form for the potential 
en-rgy which we may formulate must satisfy the symmetry of this group 
and it follows that the normal modes must come under one or the other 
of the irreducible representations of this translation group (excluding the 
case of higher symmetry for a moment). The group being Abelian and 
of order 8, we must have eight irreducible representations. These are 
derived easily from the generating relations (6). 


X (tz) = + 1, x (Ty) = + 1, x (7,)=+1 (a 
leading to eight representations.t It is at once evident that (7) expresses 


the same thing as (3) or (4). Since we know that the normal modes coming 
under the different irreducible representations of a group are mutually 


*It must be remembered that the symmetry operations have significance for us only with 
respect to their effect upon the dynamical variables. 


t+ See the work of Bhagavantam and Venkatarayudu in this connection (Proc. Ind. Acad. Sci. 
1941, 13, 543 : 1939, 9, 224). They have outlined fully the essential technique of aroupethecd 
retical analysis for crystals although their investigation is confined to the special case of equality 
of phase and amplitude for all equivalent atoms, i.e., x (rx) =x (ry) = x (rz) = 1. 
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independent and non-combining, it follows that the 8 alternative relations 
in (4) are independent and can be investigated each by itself. By substitut- 
ing those relations in the equations of motion, we get, as explained earlier, 
8 determinantal equations of order 3p each, giving the frquencies. That 
the 24p dynamical variables thus fall into 8 sets with 3p in each and that 
no further reduction is possible is easily verified by applying the standard 
methods of character tables and reduced characters. Taking the dynamical 
variables, we notice that each of these is sent into some other variable by , 
the operations of the translation group except the identity which returns 
every variable to itself. Hence the reduced character of these operations 
on the dynamical variables is 


$(E)=24p, ¥(T)=0. (8) 
T stands for any one of the seven translation operations. 


Hence the number of normal modes coming under any one of the representa- 
tions of the translation group is given by 


| E | Tx | aig 72 | TxTy TyTz T2Tx | TxTyTz nj 

A 1 | 1 
ane ae 
Cc ag 1 
ee ae 
Pe a 
C’ 1 
D’ 1 
A’ a 1 

w(K) | 24 


the formula n= 3 x/ (R) #; (R) with the usual notation. It is evident 


from the table that the 3p frequencies in each group cannot be further 
separated. from symmetry considerations alone. With suitably chosen 
force constants, all the normal modes can be separated and the frequencies 


calculated. 
3. Rotational and Reflexional Symmetry 


' ; 
When a crystal lattice has extra symmetry by way of rotations and 
reflexions, several interesting features present themselves. In the first place, 
all the eight sets need not give rise to distinct frequencies. The 3p frequencies 
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in one set can become identical with the frequencies in one or more 
other sets and we may thus speak of ‘‘ equivalent”? sets. It is sufficient to 
calculate the frequencies for one such set among a group of equivalent sets, 
and the labour is thus greatly reduced. The normal co-ordinates corres- 
ponding to each other in two equivalent sets can always be brought over into 
one another by the application of a symmetry operation from the rotational 
and reflexional symmetry. Hence all the normal modes in the various 
equivalent sets can also be written from a knowledge of the nature of the 
modes in one set and the appropriate symmetry operations. A second 
type of simplification can arise from the fact that if a set of 3p frequencies 
has some other sets equivalent to it, there always exist the possibility of fur- 
ther reduction of the original set from symmetry considerations alone. The 
determinantal equation of order 3p can be further broken up into smaller 
determinants, using only considerations of symmetry. If the 3p modes 
give rise to s frequencies with varying weightages /, m,n, etc., we get at a very 
great simplification. Taking a frequency of this set which has a degene- 
racy of /, we need consider only one of the modes out of the / possible modes. 
The rest of the / modes give the same frequency and may be omitted from 
further consideration. Further, it has been explained above that every 
frequency from this set occurs in all the other sets equivalent to it. If we 
have r such equivalent sets, this particular frequency has a total number /-r 
normal modes associated with it, and a consideration of only one mode out 
of this number is enough to give the frequency. We begin the solution of 
the dynamical problem, therefore, by taking any one of eight cases 
given above, and writing down the number of equivalent sets it has. (The 
method for this is explained in the next paragraph.) If thereisatotal number r 
of such equivalent sets, we take only one out of it. Such a set has 3p 
normal modes associated with it, and every frequency from this set is 
repeated inthe (r— 1) other equivalent sets and therefore has a minimum 
degeneracy of r. A further multiplication of degeneracy can arise if the 
frequency under consideration is the same for more than one out of the 3p 
modes. This type of degeneracy can be determined, and a complete analysis 
nee: ange oe bere anes Riana. characters appropriate to the 

, ns nown. Once an analysis has been 
made for one such set, it is unnecessary to consider the other equivalent sets 
(except to note the total degeneracy) and we may next proceed to consider 
another set out of the eight which does not occur in the first group of 
see kneae sets already studied. The number of sets equivalent to it afe 
aa Re ae the process repeated as above until all the eight cases are 
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The terms “equivalent sets’? and “symmetry group appropriate to 

a set’ can be more fully explained now. It will be noticed that each of the 
eight equivalent sets is defined by the corresponding characteristic values 
of the three primitive translations, i.e, a= x (tz); B= x (ty); y= x (7). 
Each case can be specified by giving the values of a vector whose 
components may be regarded as x (rz), x (ry) and x(z,). The eight vectors 
are thus given by (1,1,1); (—1, -1,—-1); (1, —-1,-1); (—1,1, —-1); 
—1, —1, 1) and (1,1, —1); (1, —1,1); (—1,1,1). These correspond, as 

explained earlicr, to the eight irreducible representations of the translation 
group. In the absence of further symmetry, the frequencies in each set are 
distinct. Let us now introduce some further symmetry, such as for example 
a plane of reflexion through the Z-axis bisecting the angle between X and Y 
axes. This operation keeps the Z-co-ordinate unchanged but changes X to Y 
and vice versa. Since every normal mode represents a state of vibration, 
it is capable of geometric picturization. If we have two normal modes of 
vibration, one involving movements of all the atoms along the X-axis and 
the second a similar movement along the Y-axis, these two modes have the 
same frequency for a syst2m which has the plane of reflexion mentioned 
above. The vibration patterns can be carried over into one another by an 
operation from the symmetry group. This is the essence of degeneracy 
and in such a case we speak of equivalent modes. Since the eight vectors 
given above completely specify the nature of the modes for a group of 3p 
frequencies each, it is sufficient to apply the symmetry operations directly 
to them. Ths vectors can be given a geometric representation and the set 
of all vectors carried over into one another by the symmetry operations 
form an “equivalent set”. Under the operation o,,z—>z,x sy, the 
vectors (1,1,1); (—1, —1, —1); (—1,—1,1); and (1,1, —1) are un- 
changed or “‘Jeft invariant”? while (1, —1, —1) and (—1, 1, —1) are carried 
over into one another with similar effect on the remaining two vectors 
(i, —1,1) and (—1,1,1). Hence in a system with symmetry o,, the eight 
vectors fall into six distinct sets, and there is a minimum degeneracy of two 
for every frequency of the last two sets. If the system has got similar 
reflexion about the X and Y axes also, we get the following system of non- 


equivalent sets. 
Gye (15.1.1) 
(ii) (—1, —1, —1) 
ii) (, —1, —1),.(—1,1, —)); (-1, -1,1) 
We thus need consider only (1, 1,1); (—1, —1, —1) and one vector each 
form (iii) and (iv) thus making four in all, Frequencies associated with any 
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one vector from (iii) are repeated in the other two vectors and so we have 
a minimum degeneracy of three. If the normal modes associated with 
(1, —1, —1) say are known, those in (—1,1, —1) and (—1, —1, 1) are 
derivable from these by simple application of the reflexion operators through 
Z and Y axes. A similar statement holds for the modes in (iv). 

The easiest method of determining equivalent sets is to directly picture 
the translation vectors 7,,7,, 7, instead of their characteristic values. These 
vectors can be thought of as lying along the three axes and the effect of the 
symmetry operations upon these is at once evident. Thus a, along the Z axis 
has the following effect on Ty, Ty, 7,. 

Tz, Tz, Te = Ty: 

Hence x (1,) >X (75); X (tx) =X (ty). 

Applying this operation on the eight representations given in (9), we get 
straightaway at the distribution given above. The representations A, 
A’, D, D’ are left invariant, while B and C are carried over into one 
another with corresponding results for B’ and C’. B and C and similarly 
B’ and C’ become “equivalent”, under the operation o,. We may thus 
speak of ‘“‘equivalent’’ representations instead of equivalent vectors and 
this language is more suitable to the group theoretical presentation to be 
given below. If the system has three planes of reflexion about the X, Y and Z 
axes, the representations B’, C’ and D’ become equivalent and similarly 
B, C, D also. It must be understood that these representations are not 
equivalent in the translation group, but become so in the extended group 
which includes the reflexions. In fact, if the character table for this extended 
group is written down, it will be noticed that B, C, D combine there in 
giving rise to a single representation of degree 3. This is a standard method — 
of deriving the character tables and may be employed it we choose to derive 
the degeneracies and the normal modes straight from the character table 
for the full group. Actually this introduces unnecessary complications, 
since all that has been explained before really has the aim of analyzing a 
normal vibration of degree 3 into its constituent vibrations each of degree 1. 
The process of compounding them back again has no importance except to 
satisfy ourselves that they do really form an equivalent set of representations. 
Further, the work of Seitz (next section), shows that the modes associated 
with B can be considered quite independently of the other two equivalent 
representations C and D. Equivalence brings in the simplification that C 
and D need not be considered again, while it preserves the original inde- 
pendence of the three representations B; C, D. An investigation of the 
modes associated with A, A’, B and B’ is thus quite sufficient to evaluate 
the frequencies. We will now show how this can be done, 
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Here we have to explain the significance of the terms “‘ invariance of a 
vector ” (or representation) and the “ group of a vector ’’ used in the previous 
paragraphs. In the example of a group of three planes of symmetry given 
above, it will be noticed that some of the vectors or representations are 
changed into themselves by some or all of the symmetry operations. Thus 
the representations x (7y) = x (r,) = x (7,)= + 1 are changed into themselves 
by the three reflexions, while from the very definition, the translations leave 
every representation of their group invariant. The totality cf symmetry 
operations which leave a vector unchanged is known as the group of the 
vector under consideration. In this case it is the total symmetry group G 
composed of all the translations and the reflexions. The representation 
X(7,)=1, x(7,)=x(7,}= —1 is however left invariant only by the 
reflexion plane through the X-axis while the other two reflexions carry it 
over into the other two equivalent representations. Hence the group of 
the vector in this case consists of the translations, the reflexion plane o, and 
the other operations derivable by the association of the translations with o,. 
There exist two other similar groups for the other two vectors, derivable 
by fixing o, and o,, with the translation group. The structure of the group 
of a vector is of fundamental importance when analyzing the nature of the 
3p normal modes associated with that vector. It has been shown by Seitz 
that all representations associated with a vector must come under one or 
the other of the irreducible representations of the grouy of that vector. This 
means that all the 3p normal modes going with one vector out of the eight 
must have the symmetry requirements of one or the other of the irreducible 
representations of the group of that vector. Hence ifthe structure of this group 
is known, the normal modes going with this vector are determined by the 
usual and standard methods. Let the group of this vector be G, consisting 
of operations P, Q, R, etc. We take the 24p dynamical variables of the unit 
cell and study the effect of each of the operations P, Q, R, etc., on these 
variables. The reduced character %(R) of each operation R of this group 
is thus calculated. From the character table for G,, the number of modes 
coming under any irreducible representation of G, is given by the standard 
formula 


m= ge UHR) xR). (11) 


Here N, is the order of G, and the summation runs over all elements 
of G. 

It will be noticed that G, is actually a space group containing transla- 
tions and as such its character table is not among the standard and well- 
known tables, A derivation of the table might be attempted, but it is quite 
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unnecessary for our prosent work. An alternative elegant method is given — 
in the next section and by its use, the formula is also simplified very greatly. 
To proceed further however, we necd to explain the exact mathematical 
analysis conducted by Seitz,1 Clifford,? etc., upon which all the statements 
made above rest for their validity. 


4, Group Theoretical Analysis* 


An illuminating treatment of the full mathematical technique needed 
for the reduction of space groups has been given by Seitz! and we note 
down here only the results of his investigation. For the other points the 
reader is referred to his original paper. It will be remembered that normal 
vibrations actually belong to the irreducible representations of the symme- 
try group of a system. Here we have a space-group composed of rotations, 
reflexions and translations. So the object is to reduce this group into its 
irreducible representations, Seitz has actually shown that these representa- 
tions can be gradually built up starting from the irreducible representations 
of a translation group. (The translation group is an invariant subgroup of 
the space-group.) Inour present problem these are only. eight in number 
as given in Table 9. The effect of rotational and refl:xional symmetry 
elements upon these representations is such that a particular representation 
is either completely left invariant (in the sense fully explained already) or 
totally carricd over into another representation which, for this reason, is 
equivalent to it. This follows, as shown by Seitz, from the Abelian and 
invariative nature of the translation subgroup. Hence if 2, X,,....2, are such 
a set of equivalent representations, the effect of the symmetry group on these 
is to ensure that 2,2, or X,->2,, with no linear combination being possible 
between 2, and 2',.f From this it follows that the representations of the 
translation group can be regarded as mutually independent and considera- 
tion can be confined to any single representation out of an equivalent set 
quite independently of others. The next step is to determine the symmetry 
characteristics associated with each such representation of the translation 
group. These are determined by the group which leaves the vector invariant 
- and its irreducible representations. Seitz has shown that every representa-. 
tion associated with a vector must come under one or the other of the 
irreducible representations of the group of that vector. As observed earlier 
this group is a space-group and sometimes may include the totality of all 


* The reader moe interested in practical applications of the theory may omit this section 
and proceed straightaway t» the next one where a summary of the whole method is given 


t The emphasis is that we can choose at least one fi i i 
rame of reference in which - 
tions are of the type indicated above. : pipe 
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the symmetry operations in the crystal lattice, e.g., the (1,1, 1) vector. The 
essential point is to build up the representations of a larger group from those 
of a self-conjugate sub-group in an ascending order, starting from identity 
and in such a manner that we pass through a series of subgroups of the 
group of the vector. These subgroups should form a composition series, 
and in such a series the representations of any group G, can be derived from 
the immediate next group G,_,. Every representation G,_, is taken and the 
effect of the elements of G, upon it is studied. G, is actually derivable 

Ga 
Gy 
and consists of elements, say, E, S, S?,-*--S,_,. A particular representation 
= say of degree m of G,_, is chosen and the effect of S upon it is studied. If 
this representation is left invariant by S, it is left invariant by all the others 
S?, S3, S,_, and the result will be (m) distinct representations in G,, each of 
degree m. All these representations have the same characteristics. so far 
as the elements of G,_, are concerned, but differ from one another in the 
characteristic values of S, S2, etc. On the other hand, if S carries 2 into 2’, 
the others also do so and we get a set of representations 2,2’, X”of G,_, 
which become equivalent in the extended group. All these join together 
to form an irreducible representation of higher degree in G,. 


is cyclic 


from G,_, by appending a cyclic group to it. The factor group 


So far as our work is concerned, the above mathematical detail is unne- 
cessary except in special cases like the diamond lattice. The only essential 
point is to notice that these representations are built up starting from the 
representations of a self-conjugate subgroup which is the translation group 
in our case. When we are considering the group of a vector, it is enough 
if we build up only such representations of the translations group as belong 
to this particular vector. For example, it was observed already that the 
group of the vector (1, 1, 1) (.e.) x (rz) = x(7,) = x(7,)= 1, is the entire space 
group since it is left invariant by every operation. However, in considering 
modes associated with this vector, we are not interested in every possible 
representation of this space group. In the process of building up, we confine 
our attention only to the representation (1, 1, 1) of the translation 
group. Only such representations of the space group which are derivable 
from x (7,)= x (ty)= X (7,)= 1 by the process of building up as explained 
above, need be considered. In other words, we have to deal with, firstly, a 
representation vector of the translation group and secondly, all represen- 
tation of the group of that vector which are derivable from the original 
representation of the translation group. These two representations cor- 
respond with one another in the two groups and Clifford? calls this cor- 
respondence as the representations induced in an invariant subgoup. He 
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has proved a very elegant theorem showing that all representations in G, 
associated with a definite representation 2’ of a self-conjugate subgroup T 
can be uniquely decomposed as the direct product of two representations, 
one being © itself and the other being an irreducible representation of the 
factor group G,/T. The condition is that G, should be capable of being written 
as the product of two groups, one the translation group itself and the other a 
point group of elements. The symmetry of the diamond lattice does not satisfy 
this condition and exceptional cases like these will be dealt with in a separate 
paper. In general, this condition is satisfied and Clifford’s results show 
that the representations of G, which are associated with a particular 
representation of the translation group are merely the direct product of that 
particular representation and an m-fold representation of the point group 
elements in G,. The character tables for all standard crystallographic point 
groups are known and thus the problem is easily solved. The complexity 
of the problem is greatly reduced if we choose as dynamical variables the 
3p displacements only of the atoms in the smallest unit cell. The other 2lp 
displacements of the atoms in the neighbouring cells are to be regarded as 
dependent upon these and expressible in terms of these variable by relations 
of the type (4). These relations differ from vector to vector, and covering 
all the 8 cases, we get the total number of degrees of freedom. Consider- 
ing 3p variables only in the unit cell and a specified vector, the reduced 
character % upon these variables can be calculated. Thus if the vector is 
x (tz) =x (ty) = X (7,)= 1, the effect of each of the translations upon the 3p 
variables in the unit cell (when the state of vibration belongs to the above 
vector) is to send each variable into another which is the same with repsect to 
it in amplitude and phase. Hence all the variables in the unit cell may 
be regarded as unchanged by the translation operators in this particular 
vector. 
#(R) =3p =4() 

for every R of the translation group. The effect of the other operations 
can likewise be studied. If the vector is x (7,) = — x (7,) = —x (7, =1, 
7, keeps the set of 3p variables uncharged while ty and 7, change each of 
them to its oppisite phase. 


Thus db (t,~) = 3p = (E) 
yt (ty) = — 3p = $(E) x (7,) . (12) 
oh (72) Se 3p a ap (E) x (7,) 

similarly # (7, 7,) = + 3p, ete. 


From these examples, and simple considerations, it is clear that b (Tr) = 
#(E) x(T,), T, being an element of the translation group and x(T,) its 
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character associated with the vector under consideration. Further, it is 
obvious that 
# (RT,)=%(R) x (Ty) (13) 
The results of Clifford show that 
x (T,) =x (E) x (T,,) 
x (RT,,) = x’ (R) x(T,,) (14) 


where R is any element of the point-group symmetry. x’ (T,,) is the char- 
acteristic of T,, in the 7th representation of the group G, which is the group of 
a specific vector. x(T,,) is the character of T,, for that vector. 


Relations (13) and (14) very greatly simplify the formula (11). We have 
n= x D4 (R) (RB) (15) 


the summation running over all the group elements, i.e., the rotations and 
reflexions as well as their products with the translations. The summation 
over the latter can however be entirely dispensed with, by the use of relations 
(13) and (14). We have, 


 (RT,) x’ (RT,) = ¥ (R) x (Ty) x’ (R) x (T,) =¥(R) 97 (R) (16) 
since x (T,,) x (T,,) =1 always. 


This shows that the product # (R) x’ (R) is the same fora parent rotational 
or reflexional element R as well as its derived operations RT, for all T,. 
Hence the summation over the latter is merely to multiply each term by the 
number of translation operators. Since the order of the translation group 
divides the order of the group G, the result being the order of the point 
group element in G,, we can express the result as 


n= = Dy(R)x (R) 7) 


Here the summation runs over the point group elements of G, only and m 
is their total number. Since Clifford? has shown that the representations 
of G, are the direct product of representations of the translation group with 


those of ae it follows that x’ (R) belongs to the representations of the point 


> 


group only. Hence it is no longer necessary to work out the character table 
for a space group and the information about the point group contained in 
the group of a vector is quite sufficient to evaluate the normal modes 
associated with that vector. We shall now briefly summarize all the im- 
portant points discussed above. 


S 
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5. Brief Recapitulation 


To evaluate the normal modes of a crystal lattice on the basis of the Raman 
theory of lattice vibrations,? choose any one of the irreducible representations 
of the translation group. Find out the symmetry operations, rotations and 
reflexions which leave this vector unchanged and write down the character 
table for this point group.* Choose as dynamical variables the 3p independent 
displacements of the atoms in the smallest cell and write down the character ob 
of each operation of this point group when acting on these 3p variables (during 
a state of vibration represented by the vector under consideration). Formula 
(17) then gives straightaway the number of normal modes coming under any 
one of the irreducible representations of this point group. Their symmetry 
characters are known from the character table and so the normal co-ordinates 
can be written down by the usual methods. If the character table for the point 
group involves representations of degrees 2 and 3 and if the normal modes are 
not evident at once, we repeat the above process again for this point group. 
What we have actually done in this work is to analyse the representations of 
a space group (which are usually of a high degree) into their constituent 
representations much more convenient to handle. This analysis arises from a 
choice of the self-conjugate subgroup of the translations. If the point group 
associated with a vector has representations of degrees 2 or 3, they can be 
analyzed exactly as above into smaller representations. Once the normal 
modes are known the jrequencies are calculated by the usual methods.+ 


The next step is to find out the number of representations of the transla- 
tion group which are equivalent to the vector under consideration. These give 
the same set of frequencies and only the degeneracy is increased. They need 
not be considered separately. If these exist (t—1) vectors equivalent to a 
vector, every frequency associated with it has a minimum degeneracy of r. A 
frequency with m-fold degeneracy and associated with a vector for which (rt —1) 
other equivalent vectors exist has a total degeneracy of mx r. Investigation 
of the rest of the vectors is conducted likewise until all the possibilities are 
exhausted. 


The author is extremely obliged to his Professor, Sir C. V. Raman, Kt., : 
F.R.S., N.L., for kind guidance and suggestions throughout the course of this 
work. He is aiso indebted to Dr. N.S. Nagendra Nath, Msc., Ph.D., and 
Prof. S. Bhagavantam, M.Sc., D.Sc. (Hon.), for much valuable discussion on 
the general nature of the harmonic vibrations in a crystal. 


’ * This method is not directly applicable for all the eight phase vectors of a diamond lattice. A 
simple modification is required which wiil be dealt with in a separate paper. 


} See Bhagavantam and Venkatarayudu’s work mentioned earlier. 
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Summary 


A group theoretical method to deal with the harmonic vibrations of a 
general crystalline lattice is indicated in this paper. Sir C. V. Raman’s 
theory of lattice vibrations? is the basis of the work and it is indicated how 
the normal modes, frequencies, their degeneracies, etc., can be rigorously 
derived. Applications of this work to specific problems are given in 
another paper in this symposium. 
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7. Introduction 


Its universal applicability, the simplicity of the technique, the precision of 
the results obtained and the ease of their interpretation make the Raman 
effect a powerful instrument for the study of the structure of matter. The 
information yielded by Raman spectra has been of great value in the investi- 
gation of relatively simple molecules as well as of the more complicated 
polyatomic ones. Its utility in the investigation of the physico-chemical 
problems set by the crystalline state of matter is equally great. An appre- 
ciation of this fact was no doubt responsible for the late Lord Rutherford 
having stated in his Presidential Address to the Royal Society in December 
1930 that the Raman effect “has proved and will prove an instrument of 
great power in the study of the theory of solids”’. If this prophecy has not - 
been fulfilled to the maximum extent, it is because the physics of the solid 
state has been dominated for many years by theories which had their birth 
before the discovery of the effect, and which, it is safe to say, would probably 
not have been put forward or received general acceptance if the experimental 
information furnished by Raman spectra regarding crystals had been available 
at the time. The reference here is to the well-known theories of solid 
behaviour originally put forward about the same time (1912) by Debye and 
by Max Born and which have a common central core in their structure of 
thought. 


It is a significant fact that, subject to some noteworthy qualifications and — 
exceptions, the modes of atomic vibration appearing in the Raman spectra 
of crystals are represented by sharp lines irrespective of the nature of the 
substance or of the nature or frequency of the vibrations. In his Faraday 
Society address of September 1929, Sir C. V. Raman pointedly drew attention 
to this feature and suggested that the monochromatism of the atomic vibra- 
tions is a characteristic consequence of the regular ordering of the ultimate 
particles in the crystalline state of matter. More recently (1941), he has 
returned to this subject and put forward a new theory of the specific heat 
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of crystals in which the basic notions of the Debye and Born treatments are 
Tejected as untenable. In the introductory paper (Raman, 1943) of the 
present symposium, this new theory has been given a precise mathematical 
form, and it is shown that every crystal has (24p — 3) fundamental modes of 
atomic vibration with monochromatic frequencies. Of this number, (3p - 3) 
modes may be described as oscillations of the p interpenetrating atomic 
lattices of which the crystal is composed, while the remaining 21p modes 
are oscillations with respect to each other of various important planes of 
atoms in the crystal. The number of distinct frequencies is considerably 
reduced when the crystal has a high degree of symmetry. Both the number 
of trequencies and the geometry of the modes can be fully worked out from 
symmetry considerations in the case of simple structures. For instance, 
diamond has eight fundamental frequencies, rock-salt has nine, fluorspar 
has fourteen, and so forth. 


The Raman dynamics of crystal lattices has now reached a form in which 
it can be worked out and developed in various directions. It is important, 
however, to show that the ideas on which it is based are well founded, and 
that on the other hand, the alternative theories which now hold the field are 
irreconcilable with the experimental facts. It is here that the evidence of 
the spectroscope is of the highest importance. In another paper appearing 
in the present symposium, Mr. Pant (1943) has reviewed the extensive and 
entirely independent evidence available from the published studics on the 
luminescence and absorption spectra of crystals at very low temperatures. 
In the present paper, the Raman effect evidence will be marshalled and 
discussed in its relation to the theories of crystal dynamics. 


The numerous papers which have appeared on the Raman spectra of 
erystals may be placed broadly in two divisions, namely those in which the 
emphasis is respectively on the chemical and on the physical’ aspects of the 
subject. Many more investigations belong to the former group than to the 
latter, but they have nevertheless yielded data of great significance to crystal 
physics. The researches on the Raman effect designed expressly to elucidate 
the fundamental aspects of crystal physics are not very numerous. As we 
shall see, however, the results they have furnished are quite sufficient to yield 
a decisive answer to the theoretical issues now under consideration. 


2. The Case of Rock-Salt 
The Debye theory assumes from the start that the atomic vibrations are 
of the same general nature as the elastic vibrations of the solid. The Born 
theory rests on a fundamentally similar assumption, which appears as the 
so-called “‘ postulate of the cyclic lattice”’. It is scarcely necessary to discuss 
AS5 
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here the Debye theory in detail, as it has no explanation whatever to offer 
for the appearance of discrete lines in the Raman spectra of -crystals. 
According to Born, the vibration spectrum of the crystal may be divided into 
branches which he classifies respectively as the ‘‘ optical branches” and 
the “acoustic branches’, all these, however, being essentially continuous 
spectra. The experimental fact that the Raman spectra exhibit sharply 
defined frequencies stands in obvious contradiction with these assumptions. 
To escape this fundamental difficulty, an ingenious argument has been put 
forward which we shall examine in detail later in this paper. Before doing 
so, we shall proceed to consider the actual experimental facts in the case of 
the rock-salt lattice, which is a particularly suitable substance in view of the 
fact that much of the work of Born and his collaborators has centred round 
this substance and its analogues, the alkali halides. 


We owe to Rasetti (1929, 1930) the development of a remarkably useful 
technique for the study of the Raman effect, the value of which has been 
demonstrated by the resounding success with which he himself applied it in 
several cases of fundamental interest. In this field of research generally, 
and especially in investigating substances such as gases or vapours which 
scatter light only feebly, or crystals which exhibit only feeble Raman spectra, 
it is essential to employ a light source which emits the most intense possible 
and highly monochromatic radiation, and that there should be no unwanted 
radiations and especially no continuous spectrum accompanying the same. 
Further, it is highly desirable that the exciting radiation (but not the excited 
ones) should be removed trom the light scattered by the medium before its 
entry into the spectrograph, as otherwise the photographic plates would be 
fogged by its general diffusion within the instrument. Rasetti secured all 
these advaatages and in addition the enormously increased scattering power 
of short wave-length radiations arising from the A~4 law, besides enabling 
the high resolving power which even small quartz spectrographs possess in 
the ultra-violet region to be utilized, by employing the 2537 A.U. monochro- 
matic radiations of mercury vapour under special conditions which ensured 
that only this radiation and none other would give an observable Raman 
eflect. The technique consists in using a low-pressure quartz mercury arc 
in which the mercury vapour is prevented from reaching any considerable 
density, and from absorbing the 2537 radiation emitted by itself. This is 
accomplished firstly by very effective water-cooling, and secondly by squeez- 
ing the discharge against the walls of the quartz tube by the field of a specially 
designed electromagnet. A filter of mercury vapour at room temperature 
is placed in the path of the scattered light emerging from the substance under 
study to absorb the 2537 radiation. This filter works so efiectively that 
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some of the feeble mercury lines which have intensities negligibly small in 
comparison with the 2537 radiations and which therefore give no observable 
Raman eftect nevertheless appear stronger than the 2537 line in the recorded 
spectra. This is in particular noticeable with regard to the neighbouring 
2535 A.U. line which appears adjacent to the 2537 line in the recorded spectra. 
In no case, however, does it give any detectable Raman shifts, indeed not 
even those excited most intensely by the 2537 excitation. 


Rasetti investigated many crystals using his technique and with notable 
success. His greatest achievement in this ficld was the successful recording 
of the Raman spectrum of rock-salt which previous investigators had 
reported as giving no observable effect. The feebleness of the phenomenon 
can be judged from the fact that with a large prism of rock-salt 5 centimetres 
thick, an exposure of 8 hours reinforced by internal reflections within the 
prism had to be given, while a few minutes under the same conditions sufficed 
for recording the spectrum of quartz. In his preliminary report in Nature 
(1931), Rasetti remarked on the “very peculiar structure’’ of the Raman 
spectrum of rock-salt. A rather poor reproduction of the spectrogram 
appears with his paper in the Nuovo Cimento (1932). There is a better re- 
production accompanied by a microphotometer record in the joint paper 
by Rasetti and Fermi (1931) in the Zeitschrift fur Physik. But the most 
satisfactory reproduction is that appearing on page 139 of the German trans- 
lation of Fermi’s book Molekiile und Krystalle (1938). In this repro- 
duction, the discrete character of the spectrum is quite evident, and the 
positions of the intensity maxima can be read off from it directly with a glass 
scale. The details of the structure as thus seen and measured are confirmed 
by their complete correspondence with the peaks or kinks seen in the micro- 
photometer record appearing immediately above the reproduced spectro- 
gram. A further striking confirmation is furnished by the fact that the 
pattern is also visible in the reproduction as an “‘antistokes’? Raman 
spectrum in the extremely clear region lying on the short wave-length side 
of the 2537 exciting radiation. The details of this region also appear quite 
distinctly in the microphotometer record. 


One notices that the spectrum consists of nine discrete and clearly 
resolved Raman lines. Their frequency shifts from the exciting 2537 
radiation and their approximate widths are recorded in Table I. This 
shows both the ‘Stokes’? and “ antistokes ’’ Raman shifts as determined 
from the spectrograms and microphotometer records. From the latter 
records, rough computations have been made of the relative intensities of 
both the Stokes and antistokes Raman lines. These results are also included 
in the table. The observed value of the ratio of the intensities of the Stokes 
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to the antistokes Raman lines is in reasonable agreement with that to be 
expected from Placzek’s well-known formula, as will be seen from the com- 
parison made in the table. 

TABLE I 


Raman Spectrum of Rock-Salt 


Relative 


Frequency intensity Frequency 
Serial shifts of Approximate taking tae shift of Approximate 
Number ae Stokes breadth in intensity of the avti- breadth in 

ine in cm. 235 Stokes stokes line cm. 

oe line as 10 oe 
1 134 diffuse 3-3 150? 
2: 183 25 5-8 189 
3 235 5 10 239 6 
4 256 13 8-9 265 
5 281 15 9-9 278 15 
6 294 14 10-3 288 15 
7 Bid, 14 10 311 15 
8 340 8 8-9 339 10 
9 350 8 9-2 349 10 

GP 
aay Observed Calculated 
Serial taking-the intensity intensity Fundamental 
Baier intensity of ratio of the ratio using frequency 

235 Stokes Stokes to Placzek’s in cm.— 

ineagi0 antistokes line formula 
1 2:4 1-4 1:9 67 
2 2-9 2:0 2:3 91 
3 3-2 3°1 3:0 117 
4 2°4 sat! 3-3 128 
5 2°7 3°7 3-7 140 
6 2:8 3-7 3-9 147 
7 2:6 3-9 4:3 158 
8 2 4-5 4°83 170 
9 2 4-6 5-0 175 


As will be seen from the figures in the third column of the table, some 
of the observed lines are quite sharp while others are only moderately so. 
The line having a frequency shift of 235 cm.-! exhibits exceptional sharpness 
and intensity both on the Stokes and antistokes sides, and being situated 
in a clear region and well separated from the remaining lines is a conspicuous 
feature in the spectrogram. The agreement of the frequency shifts as mea- 
sured from the Stokes and the antistokes regions, as also of their ; 
approximate widths on the two sides, and the fair agreement of the observed 
intensity ratio of the Stokes to the antistokes lines with that calculated from 
Placzek’s formula leave no room for doubt that the figures shown in the 
second column are a correct description of the Raman spectrum of rock-salt. 
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We shall now proceed to examine the facts stated above in the light of 
the existing theories. As is well-known, the crystal structure of rock-salt 
is made up of two interpenetrating face-centred cubic lattices. The unit 
cell is a rhombohedron with one sodium ion and one chlorine ion contained 
in it. According to Born’s theory, a crystal with p non-equivalent atoms 
_in the unit cell would in general have (3p — 3) ‘‘ limiting frequencies ’’ in the 
optical branch, the remaining 3 degrees of freedom going to the acoustic 
branch of the vibration spectrum. The former number may, however, be 
reduced by the symmetry properties of the crystal to a smaller figure. In 
the present case p = 2, and the crystal belongs to the highest class of cubic 
symmetry. The 3 possible ‘limiting frequencies”? of the optical branch 
are therefore reduced by degeneracy to one. As the result of the manner 
in which the sodium and chlorine ions are grouped around each other, the 
oscillation of the two sets of ions with respect to each other which has this 
frequency, would be active in infra-red absorption and would correspond 
to the reststrahlen frequency of 52u observed in rock-salt. For the same 
reason, this vibration should be inactive in the Raman effect. This explains 
the inability of some of the earlier workers, notably Schefer (1929) to record 
any Raman line with rock-salt, and indeed also in the other alkali halides. 


Accepting the view-point of the Born dynamics, Fermi attempted to give 
a theoretical explanation of the observed Raman spectrum of rock-salt in the 
joint paper by himself and Rasetti (1931) and succeeded to the extent of 
showing why the high-frequency limit of the Raman spectrum agrees with 
twice the known reststrahlen frequency of rock-salt. He frankly, however, 
admitted his inability to explain the other features observed in the spectrum 
in the following words (translated from the original German) :—‘“ In order 
to calculate the intensity distribution in the Raman spectrum, special 
assumptions are necessary regarding the influence of the polarisability of 
the crystal atoms by the elastic displacements. It appears therefore impossi- 
ble for the present to explain the fine structure of the observed spectrum.” 


The appearance of nine discrete frequencies in the Raman spectrum of 
rock-salt, on the other hand, finds a natural and ready explanation in the 
new theory of the dynamics of crystal lattices put forward by Sir C. V. Raman 
in the introductory paper in this symposium. In a paper appearing elsewhere 
in this symposium, Chelam (1943) has worked out the complete vibration 
spectrum of rock-salt basing himself on the Raman theory of crystal 
dynamics. The main results of his paper are summarised below. The 
number of non-equivalent atoms in the rock-salt lattice is 2. Hence the 
total number of degrees of freedom will be 2 x 8 x 3 or 48, of which 45 will 
appear as the atomic frequencies and the remaining 3 go over into the 
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“elastic spectrum’’. The 45 frequencies would be reduced by degeneracy 
to 9 distinct ones as shown below: 
Degeneracy 


(1) The sodium and chlorine lattices vibrating against each 
other © >.:. nid o * ie: wn tet 
(2) The alternate planes of sodium atoms parallel to the 
octahedral faces oscillating against each other, normal 
to themselves .. 38 af 3 .. 4 
(3) The alternate planes of the chlorine atoms parallel to 
the octahedral faces oscillating against each other, 
normal to themselves # ee ot ey 
(4) The alternate planes of sodium atoms parallel to the 
octahedral faces oscillating against each other, parallel 
to themselves - . ae is 
(5) The alternate planes of chlorine atoms parallel to the 
octahedral planes oscillating against each other, parallel 
to themselves .. ig A. ay a 
(6) & (7) The coupled oscillations of the sodium and chlorine 
atoms in the planes parallel to the cube faces, normal 
to these faces .. ee a ae Sons. uenous 
(8) & (9) The coupled oscillations of the sodium and chlorine 
atoms in the planes parallel to the cube faces along 
these planes .. i bse +e .. 6 each. 


Because of the symmetry properties of the rock-salt structure, all these nine 
modes of vibration would be inactive in Raman effect. But it has been 
pointed out from theoretical considerations by Placzek (1934) and recently 
by Bhagavantam and Venkatarayudu (1939) that the first overtone of every 
normal vibration is active in the Raman effect, irrespective of whether the 
fundamental is permitted or forbidden. The observed nine frequencies in 
the Raman spectrum of rock-salt are therefore the overtones of the nine 
fundamental modes of vibration enumerated above. The values of these 
fundamental frequencies calculated from the observed Raman shifts are given 
in the last column in Table I. 


3. The Structure and Sharpness of the Raman Lines 


In the Raman dynamics of crystal lattices, the monochromatism of the 
(24p — 3) modes of vibration possible appears as a natural consequence of 
the fundamental property of crystal structure that it is a three-dimen- 
sional repetition pattern in space of practically infinite extension. Any 
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circumstance that modifies or alters the periodic structure of the crystal must 
modify the monochromatism of the vibration frequencies to an extent 
depending on the particular circumstances of the case. An imperfection 
or mosaicity of the crystal structure and the disturbing influence of thermal 
agitation may be mentioned as such circumstances. The extent of their 
influence on the character of the spectra would depend on the individual 
case, including especially the nature and strength of the binding forces 
within the crystal, the geometric character of the particular mode of vibration 
and the masses of the vibrating atoms, ions or molecules. In agreement with 
these indications of the theory, we find that though Raman spectra of crystals 
usually consist of well-defined lines with accurately measurable frequency 
shifts, their sharpness varies from crystal to crystal and even in the same 
crystal, it may be different for the different lines. It may be and usually is 
also a function of temperature. Speaking broadly, it may be said that the 
lines with small frequency shifts are less sharp than the lines with high fre- 
quency shifts, but there are numerous exceptions to this rule. Further, 
there are many examples which suggest that vibrations controlled by valence 
forces appear as extremely sharp lines in the Raman spectrum, while vibra- 
tions controlled by ionic or molecular attractions, appear as rather broad 
and diffuse lines. 


The explanations which have been offered for the appearance of sharp 
lines in the Raman spectra of crystals on the basis of the Born lattice 
dynamics may now be briefly stated and examined. They rest on the idea 
that only the “limiting frequencies’ of the lattice, viz., those having great 
phase-wavelengths could appear in the observed spectra. As a consequence 
of the postulate of the cyclic lattice, however, vibrations with smaller phase- 
wave-lengths are enormously more numerous than those with longer phase- 
wave-lengths, and they would give frequencies different from the latter, and 
thereby build up a continuous spectrum. What is actually observed in light- 
scattering, however, is something very different, and to remove this obvious 
contradiction between the theory and the experimental facts, it is suggested 
that the frequencies of the vibrations of shorter phase-wave-lengths disappear 
from the spectrum by reason of the optical interference of the effects due to 
them arising trom different elementary volumes in the crystal. .While this 
argument is no doubt ingenious, it is obvious that it assumes that the atomic 
vibrations in the lattice have perfectly ordered phase-relations over volume 
elements sufficiently large for such interference to give, on the one hand the 
frequencies actually observed with the sharpness and intensities found in 
experiment, and on the other hand to extinguish completely the frequencies 
assumed to exist but to be unobservable. 
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Perhaps the most appropriate comment which could be made is that 
while, as we have seen in‘the case of rock-salt, the Born theory does not 
on the one hand, explain the features actually observed in the spectra, it 
postulates on the other hand a whole spectrum of frequencies for which there 
is no observational evidence. Further, to remove the conflict between fact 
and theory, a hypothetical assumption is made for which there is no experi- 
mental justification. In fact, it may be said that the entire approach made in 
the theory is artificial in character. It should be added that neither a priori 
considerations or any actual facts of observation compel us to assume the 
existence of coherent phase-relationships of the lattice vibrations of high 
frequency over extended volumes of the crystal. The mosaicity of most 
actual crystals, the existence of thermal agitation and above all, the known 
facts about the thermal conductivity of solids indeed make it difficult to 
accept such an assumption without large reservations. 


4, The Force-Fields in Crystals 


In not a few cases, the experimental facts established by Raman effect 
studies with molecular systems, e.g., gases and vapours at ordinary and at 
higher pressures, liquids, solutions, mixtures and fused melts, form a useful 
starting point for the interpretation of the phenomena observed with crystals. 
The greater density and consequently increased magnitude of the force- 
fields, as also the regular ordering of the units characteristic of the crystalline 
state have, of course, to be taken into account in this connection. It is 
obvious also that the classification of molecular movements into three 
classes as translations, rotations and vibrations, which is quite appropriate 
for gases and which is not quite so appropriate for liquids ceases to have a 
strict scientific significance in a crystal. All movements should be considered 
as atomic displacements and described as time-periodic variations from the 
standard atomic configurations prescribed by the crystal structure. Indeed 
no other way of describing the movements is open to us in the case of those 
crystals in which no specific molecular or ionic configurations can be recog- 
nized. With typically molecular or ionic lattices, however, it is convenient 
to speak of “internal vibrations ’’, ‘rotational oscillations’? and “ trans- 
latory oscillations”’, and these descriptions may even roughly correspond 
to specifiable ranges of vibration frequency. In using these terms, however 
it should be remembered that they cannot be an accurate description of ne 
actual displacements in the crystal. 


Subject to the limitations indicated, we may consider “ionic” and 
i molecular ” crystals and discuss in turn each of the three classes of vibra- 
tion. Raman effect studies with liquids, mixtures, solutions and melts show 
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that the internal vibrations are only influenced in a secondary degree by the 
state of aggregation. When the irregular arran'gements existing in fluids 
is replaced by the regular ordering characteristic of a crystal, the force-fields 
surrounding individual ions or molecules become definite. Jn consequence, 
we should expect the “ internal frequencies’ of the ions or molecules in crystals 
to become as precisely specifiable as in gases, but with definite changes due to 
the influence of the force-fields. Indeed, it should be possible to evaluate the 
- changes in these frequencies as between the gaseous, fluid and crystalline states 
by considering the magnitudes of the force-fields, and vice-versa from the 
observed frequency changes to evaluate the force-fizlds. This principle has 
been applied with success at this Institute and its utility thereby established. 


Raman effect studies in fluid media show that the freedom of rotation 
of the ions or molecules is greatly hindered in fluids by the density of the 
aggregation and by the viscosity of the medium. In crystals the molecules 
or ions occupy specific orientations and the force-fields in which they lie 
should therefore be exactly definable. Hence the ions or molecules in 
crystals should have precisely definable frequencies of rotational oscillation 
about their positions of equilibrium. From the frequencies of rotational 
oscillation of optically anisotropic groups as observed in the Raman eff2ct, 
it should be possible to determine the nature and strength of the force-fields 
in which they are located. Vice-versa if the force-fields are known, the fre- — 
quencies of such rotational oscillation could be computed. This idea again 
has been applied with success to a number of cases. 


Since as stated above, the force-fields in which molecules or ions are 
located in a crystal are definite, their translatory oscillations about their posi- 
tions of equilibrium should also have exactly specifiable frequencies, determined 
by the masses of the particles and the strength of the fields in which they lie. In 
view of the indefiniteness of the force-fields in liquids, we could hardly expect 
such “‘translatory oscillations”’ of the molecules or ions to be observable 
in the majority of fluid media. Nevertheless, in a few cases, e.g., water and 
formic acid, they have been observed in the Raman effect as diffuse bands 
with small frequency shifts. The idea that such translatory movements in 
crystals should have well-defined frequencies is thereby strengthened. Indeed, 
there is observational evidence which shows that this is actually the case. 


Finally, we may refer to the vibrations of lowest frequency which are 
essentially mass-movements and are naturally to be regarded as pertaining 
to the elastic spectrum of the crystal. There would be an immense number 
of such modes possible in a crystal which would be the more closely crowded 
together, the lower we go down in the scale of frequency. 
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Summary 


An examination of the spectrograms of the Raman effect in rock-salt 
obtained by Rasetti reveals the existence of nine distinct Raman lines both 
on the Stokes as well as on the antistokes sides. The frequency shifts of 
these lines have been estimated. From the microphotometer record repro- 
duced in Rasetti’s paper, the relative intensities of the lines as well as the 
intensity ratios of the Stokes to the antistokes lines have also been evaluated. 
These nine frequencies have been identified as due to the nine distinct modes 
of vibration of the sodium chloride lattice to be expected on the basis of the 
Raman dynamics of crystal lattices. Though these vibrations are forbidden 
in the Raman effect as fundamentals, they are allowed as octaves and appear 
as such in the spectrum. It is pointed out that the Born theory of crystal 
dynamics is not capable of offering any satisfactory explanation for the 
observed facts. 
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7. Introduction 


AN extensive literature! has grown up on fluorescence spectra, and numerous 
studies ot the spectra of crystals have been made in the last few years. Cooling 
the crystals to low temperatures (e.g., that of liquid air or hydrogen) has 
played a great and fundamental role in these investigations. Lumines- 
cence spectra are often diffuse and blurred at ordinary temperatures, and 
this is usually ascribed to fluctuations in the strength of the crystalline field 
arising from thermal and other disturbances. On reducing the tempera- 
ture, these disturbances diminish and the spectra undergo notable changes, 
in many cases becoming clearly resolved into narrow bands or sharp lines. 
Analogous changes also occur in the complementary absorption spectra 
when the temperature is lowered. Hence, it is usually quite essential that 
the luminescence and absorption spectra should be studied at the lowest 
available temperatures. Another important fact, as pointed out by Randall,? 
is that many ordinarily non-fluorescent solids become fluorescent at 
low temperatures. The belief that only a few substances fluoresce has been 
proved to be not quite correct, and we know to-day a fairly large number 
of solids giving luminescence spectra. They may, broadly speaking, be 
placed in one or the other of two classes.** To one class belong the uranyl 
salts, the platinocyanides, the rare-earth and manganese salts which fluor- 
esce in the pure state due to the presence of an incomplete 3d or 4f shell. 
In the other class, the luminescence is due to the presence of impurities, 
as Boisbaudroné first pointed out, or to some internal distortion or mosaic 
structure in the crystal. This includes the Lenard-Klatt sulphides, alkali 
halides, zinc sulphide, chromium and rare-earth activated solids and 
diamond. The common activating impurities are Cu, Mn, Ag, Bi, Cr, Th 
and the rare-earth elements. In some cases the stochiometric excess of the 
metal (e.g., in zinc oxide and the alkali halides) or exposure to X-rays also 
produces luminescence. 


It is now well known that sharp emission spectra are not the charac- 
teristic of gases only. Infact, some polyatomic molecules give continuous 
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spectra in emission, while the luminescence spectra of some solids give lines 
as sharp as those of gaseous atoms. As Spedding® has pointed out, we may 
divide the luminescence spectra of solids into two large classes, the “ con- 
tinuous ” and the ‘discrete’ or ‘line’ spectra. Spedding has also discussed 
the origin of these two types. The appearance of clearly resolved lines 
obviously demands that both the upper and lower states are sharp. The 
following solids have been known to give discrete or line spectra at suffi- 
ciently low temperatures. 

1. Diamond where the luminescence is probably due to some sort of 
mosaic structure.’ 

2. The chromium (transition element) activated luminescent solids, 
e.g., ruby. 

3. Solids containing rare-earth elements. 

4. Solids containing foreign atoms scattered through their lattices 
e.g., the sulphide, halide and oxide phosphors, of some metals. 

5. Some pure salts, e.g., the uranyl compounds. 

6. Organic compounds having a double bond, e.g., solid benzene. 

7. Solidified gases, e.g., solid nitrogen. 

Whether the luminescent substances are pure or impurity-activated, 
the importance of studying their spectra along with the complementary 
absorption spectra cannot be over-emphasised. At the present moment 
when the exploration of the energy levels of crystals is making rapid pro- 
gress, such studies are of great value. Their importance is as great to-day 
for the understanding of the energy levels in a crystal as was the study of the 
band spectra of molecules, twenty years ago, to understand the energy levels 
in the gaseous state. The theoretical side, which has also made a considera- 
ble progress within the last thirteen years notably at the hands of Brillouin, 
Wilson, Peierls, Wigner, Seitz, Slater, Gurney, Mott and others, has been 
shaped to what is known as the “ Zone theory” of the solids. Although 
‘this theory claims successfully to have explained the difference between a 
conductor and an insulator, yet as regards the excited states it has not been 
very successful. Attempts have been made to apply the theory to the case 
of luminescence in solids. Thus, Scitz® exlpains the fluorescence of zinc 
sulphide and alkali halide phosphors activated by thallium, while Milner™ 
gives a broad outline of the difference between the pure and impurity-acti- 
vated phosphors. It must be said, however, that there is, as yet, no universal 
mechanism known explaining the observed facts. 


Still, whatever may be the mechanism of the main electronic transition, 
in many cases where this transition is modified by the internal vibrations 
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of the solid, some very important information can be procured concerning 
the nature of these vibrations. Such information has become of great 
interest in view of the recent theory put forward by Raman™ which suggests 
that the thermal vibrations of the crystals are monochromatic and not con- 
tinuous, as the theories of Born and Debye assume them to be. Although 
the Raman scattering of light in crystals usually gives some of the desired 
information, owing to the selection rules involved, not all the frequencies 
can appear as fundamentals in every case.. In the present paper, an attempt 
is done to throw some light on the problem from the evidence gained from 
the literature on the luminescence spectra of solids. Wherever possible 
this evidence is supplemented by that gained from the corresponding absorp- 
tion spectra. 
2. Diamond 

This case is of exceptional interest in view of the elementary character 
of the substance and the simplicity of its structure. The emission of light 
by diamond in various circumstances has long been familiar knowledge. 
Crookes and Becquerel who studied the phenomenon noticed and recorded 
the appearance of some lines in the greenand yellow regions of the spectrum. 
Walter had noticed that some diamonds exibit an absorption band at 4157 
A. That a bright band appears at the same position in the luminescence 
of many diamonds was noticed by Ramaswamy,/? Bhagavantam,!? John'4 
and by Robertson, Fox and Martin. Tho subject has since been thorough- 
ly investigated with the diamonds in the collection of Sir C. V. Raman by 
Nayar’ and more recently also by (Miss) Anna Mani (1942-43) in her as yet 
unpublished work. By studying the phenomena at liquid-air temperatures 
a notable advance has been achieved in the knowledge of the spectra of 
diamond. 


At low temperatures, the 4157 A band shifts and appears as a sharp 
line or doublet centred at 4152 A. The bright green luminescence of some 
diamonds is similarly associated with a sharp line at 5032 A. The 
appearance of bright and dark lines with these wave-lengths respectively 
in emission and in absorption indicates that they represent electronic tran- 
sitions. Their intensities vary enormously from diamond to diamond. 
These electronic transitions are found further to be associated with 
emission spectra showing much observable detail and extending towards 
longer wave-lengths in fluorescence; similar spectra extending towards 
shorter wave-lengths are also noticed in absorption in each case. The 
intensities of these spectra vary in the same way and proportionately 
with that of the associated electronic transition from specimen to specimen. 
The features observed in emission and absorption are found to exhibit 


312 D:D» Pant 


perfect mirror-image symmetry in the frequency scale with reference to the 
associated electronic transitions. These facts indicate that the spectra arise 
from combinations of crystal lattice vibrations with the electronic transitions. 
The observed frequency differences lie in the infra-red region of the spec- 
trum, and the values determined from emission and absorption data agree 
with each other and are also the same for both the blue and the green 
luminescence. 


The most clearly defined and accurately measurable lattice frequencies 
for diamond found in the studies of Nayar and of (Miss) Mani are (in wave- 
numbers) 1332, 1248; 1149, 1088, 1013, 935, 784 and 544, and these are 
probably the eight fundamental frequencies of the diamond lattice. The 
spectra indeed extend to both larger and smaller frequency shifts from 
the electronic transitions. They are, however, both feeble and diffuse towards 
larger frequency shifts, indicating that these are probably octaves and 
combinations of the frequencies listed above. Much detail is also obser- 
vable and measurable in the spectral region with frequency shifts smaller 
than 544 cm.+ This region appears only feebly with the 4152 transition, 
but quite strongly with the 5032 transition. It is noteworthy that the 
highest fundamental frequency 1332 determined from these studies agrees 
closely with the characteristic frequency of diamond observed in its Raman 
spectrum. Taken altogether, the results make it clear that the vibration 
spectrum of the diamond lattice consists essentially of a series of discrete 
monochromatic frequencies and is not a continuous one. 


3, Chromium (Transition Elements) as Activator 


Most of the divalent manganese and trivalent chromium compounds 
give well-defined spectra. The electronic transition responsible for these 
is due to the rearrangement of the electrons in the incomplete 3d shell. 
Manganese happens to be the best impurity activator inasmuch as it imparts 
luminescence to the greatest number of cases. Randall!” has studied the 
fluorescence spectra of pure manganese halides and also of the compounds 
activated by manganese. Kroger’ has studied the Zn,SiO, Mn,SiO, 
mixed system. Considerations of the absorption spectra of the pure com- 
pounds of manganese by Gielessen®! show that the electronic transition is 
*G —‘F of the Mn++ ion. No associations of the lattice vibrations with the 
electronic transion seem to have been recorded. 


Deutschbein!® has studied the chromium activated phosphors most 
extensively. Like chromium, the cobalt and nickel phosphors also give 
sharp lines both in fluorescence and absorption. It is found that chromium 
fluoresces in compounds where Cr,O3 can be isomorphous with the 
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bedding, e.g., in ruby. Where the distortion of the lattice is greater, the 
Spectra are more diffuse. Out of the many naturally occurring stones such 
as the ruby, sapphire, red spinel, etc., which emit the red fluorescence of the 
chromium impurity, *° ruby has been studied most thoroughly. It is suggested 
that the fluorescent doublet at AA 6927 and 6942 A° is due to the Cr++* ion. 
Among the recent workers who have studied the fluorescence spectrum of 
ruby may be mentioned Venkateswaran,?? Thosar?? and Miss Mani. 


Apart from the electronic transition in Crt** ion, the part played by 
matrix crystal corundum has to be considered. Deutschbein was the first 
to explain the sharp band at A,7138 A° (v = 14006 cm.—) as being due to the 
Superposition of the Raman frequency 412 cm.-! of the ruby lattice on the 
electronic transition responsible for the band at A 6935 A° (14416 cm.-?). 
Thosar who suggested that the Cr*++ ion replace the Al*++ ion in the lattice 
was led to the conclusion that bands on the antistokes side of the main band 
must be due to the proper vibrational frequencies of the molecular group 
Cr.O3;. (Miss) Mani has studied the luminescence, Raman scattering and 
absorption of ruby, and she finds that there is an approximate mirror-image 
symmetry for the bands at AA 6595, 6693 and 6817 A on the antistokes side 
and for those at AA 7324, 7275, 7188, 7138 and 7030 on the Stokes side. With 
the help of three infra-red frequencies at 909, 847 and 741 cm.-! and two 
Raman frequencies at 412 cm.-t and 376 cm.-! of the Al,O; lattice, she has 
suggested that 8 bands both on the Stokes and antistokes side could be 
explained. 


In this connection it is worthwhile mentioning certain features of the 
absorption spectra of chrome-alums which have been studied by various 
investigators™-2° at temperatures as low as that of liquid hydrogen. Sauer 
has for example studied the effect of isomorphous replacement in a group 
of eleven sulphate and selenate chrome alums at — 190° C. Discrete absorption 
is found in general in the red and orange region followed by a strong con- 
tinuum with maxima approximately at AA 5700 and 4000 A°®. On lowering 
the temperature to that of liquid hydrogen, the continuum narrows, 
becomes less diffuse and often resolves into finer structure. The spectra of 
selenates are richer in lines than those of potassium chromium sulphate and 
the lines are superior in sharpness at the temperature of liquid air. Krauss 
and Nutting have analysed the spectra consisting of a number of lines, and 
they find that combinations of lattice vibrations with both upper and lower 
electronic states of Crt*+ are involved. Bands are observed in all the alums 
shifted about 330, 570 and 800 cm.-! to higher frequencies than the electronic 
absorption lines. Combinations of the internal oscillations of the anions 
are weak but have also been observed. 
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Here again we find definite evidence regarding the sharpness of the 
internal vibrations in the solid state. 


4. The Rare-Earth Phosphors 


The ions of rare-earths, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er and Tm 
give very sharp lines both in the absorption and luminiscence spectra. Such 
spectra are found both in the pure rare-earth salts and the solids where they 
are present as impurities. The lines are sharper than those obtained in the 
chromium activated phosphors. It is found that unlike the Cr+** ion the 
rare-earth ions need not be isomorphous with the bedding. The spectra 
arise out of the transition within the shielded incomplete 4f shell of the ion. 
The levels are split up by the electric fields within the atom in accordance 
with the theory of Bethe.2° Each line has therefore, companions depending 
on the symmetry of the crystalline field and J values of the states of the ion. 


The naturally occurring fluorites were studied by, Haberlandt*! and his 
co-workers who recognised that the divalent rare-carth ions are responsible 
for the fluorescence. The pioneering work in the luminescence spectra of 
the rare-earths was, however, done by Tomaschek*? and collaborators. The 
sharpness of the lines which resembles that of the lines in the gaseous state 
permits to study the influence of the surrounding field on the spectra very 
accurately. At Dresden a most thorough investigation of the problem has 
been made by what they call ‘ the method of line fluorescence’. Extremely 
useful results have been obtained regarding the nature of the crystalline 
fields, structure of glasses, phosphorescence centres in glasses, the hyper- 
structure of the crystallised substances and the constitution of liquid solutions 
which have been shown to have crystalline structure. It is found that the 
line structure of the spectra in the crystalline state is diffuse in the vitreous 
state. Fluorescence of the pure salts and their solutions has als6 been 
studied®*® *4 and recently Chatterji®* has given the interpretation of the 
fluorescence spectra of artificial fluorites activated by the rare earth elements. 


Tomaschek** has discussed the known facts regarding the line spectra of 
solid solutions in emission and absorption, particularly those’of the rare earths 
in a separate paper. According to him the spectra represent electronic jumps 
on which are superposed the vibrations of the parent lattice and the light 
centre itself. The vibrations thus obtained are of lower frequencies than 
those obtained from the Raman effect of the parent lattice. This difference 
is explained on the assumption that the rare-earth molecules may act as 
inert loads. If this explanation is correct the changes of frequency should 
be greater the larger the rare-carth and smaller the bedding molecule. This 
point has been experimentally confirmed. For example, the praseodymium 
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ion which produces a greater change of frequency than the samarium ion 
has a diameter 3 per cent. greater than that of the latter. On the other 
hand, barium oxide has a large: diameter than calcium oxide and the change 
of frequency produced by bedding samarium in it is much less. Diagrams 
are given by Tomaschek to show how the lattice frequencies of alkaline earth 
sulphides and oxides compare with those obtained from the fluorescence 
spectra when samarium and praseodymium are embedded in them. 
Tomaschek has further shown that similar lattices give similar spectra and 
that crystal type has a great influence on them. Leaving aside the mecha- 
nism of electronic transition, the position can be summed up by saying that 
frequencies characteristic of the matrix lattice modified by the presence of 
the rare-earth ion in question are found in the spectra of rare earth phos- 
phors. These frequencies are associated with the electronic transition in the 
ion and surely, there cannot be the least doubt about the monochromatism 
of these lines. 


In the following, the foregoing remarks will be supplemented with 
evidence gained from the experiments on the absorption spectra of some 
crystalline rare-earth salts. These spectra again consist of sharply defined 
and widely spaced groups of bands. The separate groups owe their origin 
to the decomposed multiplet levels by the electric fields. The electronic 
transition again arises out of the rearrangement within the 4f configuration 
of the rare-earth ion.*” A good amount of work has been done by 
Spedding®® and others who find that low lying levels (electronic) are to be 
observed in Nd, (SO,)3 8H20; NdCl,; 6H,O, Pr. (SO4)3 8H,O and the euro- 
pium salts. But to account for the large number of lines it is necessary to 
couple internal vibrations of the crystal with the electronic transition. The 
work of Ewald,®® Howe and Herbert*® and Weissman and Freed,! however, 
demands greater attention here, for it gives some definite evidence regarding 
the vibrations in the rare-earth crystals. 


Taking very thick layers of neodymium salts Ewald found that each 
group of electronic transitions is accompanied by faint lines, spaced in the 
same manner on the short wave-length side. The spacing in the weak lines 
is found to be the same in each group. In the case of the mixed nitrate 
3 Mg(NOsz)2 2Nd(NO3)3 24H,O these frequencies correspond to the vibra- 
tions of the NO, ion and the H,O molecule. On replacing the water of 
crystallisation by heavy water, vibrations corresponding to that of D,O are 
observed. Ewald also found that some low frequenciesfrom 50 cm.-} to 
200 cm.-! represented lattice vibrations; for anincrease in the mass of the 
lattice atoms effected a decrease in the frequencies. Hellwege*® by the 
restrahlen method found that these were actually the crystal oscillations, 
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Striking results are obtained by Freed and Weissman in the correspond- 
ing salt of europium. The spectrum, remarkably enough, consists of sharp 
lines even at room temperatures. They also find that in addition to the 
lattice oscillations on the short wave-length side of the electronic frequency, 
there appears a similar pattern of lines towards the longer wave-lengths 
displaced by an equal amount in frequency. On lowering the temperature, 
these new lines vanish; thus indicating that they are thermal oscillations of 
the lattice and that their presence in the spectrum corresponds to the anti- 
stokes frequencies in Raman effect. These authors also give evidence to 
show that crystal structure continues even in the solution state of the salt. 
But the lines are naturally more diffuse there. 


The observations of Weissman and Freed appear to have a great signi- 
ficance from our point of view. The results show that the vibrations of the 
solids are (at least in the observed case) sharp even at room temperatures. 
It seems plausible that the diffuseness in any observed spectra is mainly due 
to the electronic transition, the thermal vibrations remaining still sharp. 


5. Fluorescence Spectra of Impurity Activated Solids 


A greater number of solids fluoresce only in the impure state. The 
chief characteristic of their luminescence spectra is the lack of resolution 
even at low temperatures. On this account, nothing much has been said 
from the theoretical point of view. The alkali halide phosphors have been 
studied by a number of investigators, notably by Pohl, Hilsch and others.‘? 
The absorption bands by which luminescence may be stimulated, consist 
of several sharp peaks near A 3000 A to the short wave-length side and are 
characteristic of such phosphors. They are, however, absent in the pure 
halides. The luminescence lies in the near ultra-violet and visible region. 
Von Hipple*t has given a theory of these phosphors. Zinc sulphides give 
broad bands depending on the nature of the impurity atoms. Reference 
to Seitz’s theoretical discussion in this connection has already been made. 


From the experimental standpoint the resolution of the broad, feature- 
less bands in many impurity activated phosphors has been attempted by 
Schmidt,® Schellenberg’? and Howes‘® but much success has not been 
obtained. Recently, however, Ewles* has done some valuable work in this 
direction and here, his results will mainly be quoted. He obtained the most 
remarkable resolution of the ultra-violet bands of CaO phosphors, into 
almost line-like components with cathode ray excitation. This condition 
was obtained by cutting down the cathode ray current to a fraction of a 
micro-ampere by running the machine very slowly or by: putting a spark 
gap in parallel with the tube. The spectrum obtained in the ultra-violet 
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region appears to be divided into a number of groups of broadened lines each 
suggesting a band group. The bands in the visible region are however broad. 


In CaO, for example, two groups of bands are observed. They are 
named as (F, G) and (H, K, L) groups. The bands can be represented by a 
formula of the type 


v=v+(v'+4) w’— (v"+4) o”. 
The following table gives the bands of the (F, G) group. 


TABLE I 
Bands in the F, G Group cf CaO 


Designation | Observed | Calculated v’,|v’ 
F 27404 27404 0, 0 
G 27166 27160 1, 1 
F, 26891 26896 0, 1 
Gi 26647 26652 129 
F, 26385 26388 0, 2 
G, 26142 26144 1,°3 
F; | 0, 3 


25886 | 25880 


v, = 27526 corresponds to the electronic transition: 


Cal 4s4p 3P°— 4s 4d °D, w’= 244 cmland w”= 508 cm! Similarly 
for the (H, K, L) group v,= 25816, and w’= 294cm.-! and w” = 493 cm! 


The frequencies 508cm.-! and 493cm.-! are presumably the same as 
453 cm.-1 the maximum vibrational frequency of the CaO lattice as given by 
Tolksdorf.*® Further evidence that the CaO crystal plays a predominant part 

in the emission of the (H, K, L) group is given in favour of this assumption. 


Fourteen samples of CaO phosphors, one pure and 13 impurity acti- 
vated have been examined both with cathode ray and ultra-violet excitation. 
It appears that the activators merely determine the relative intensities 
of a set of groups but the positions are determined -by the lattice itself. The 
results obtained with CaO are confirmed by working with other sulphides 
and oxides. In the case of SrO a set of 4 broadened lines is obtained 
which can be put in the equation, et 

vy = 26410 + (v’ + 4) w’4+ (w+ 4) 404 cm. 
For ZnO, similarly, ; 
= 26764 + (v' + 4) 322 — (v"+ 4) 571 cmt 
The frequencies 404 cm.-! and 322 cm.— are probably due to the SrO and ZnO 
lattices. The results of other previous workers have been explained on 
similar lines. Although the evidence regarding the part played by the 


318 D. D. Pant 


crystal frequencies is not very conclusive, the review shows that, at the liquids 
air temperature, well resolved, broadened lines presumably due to the lattice 
vibrations have been obtained. It would be of interest to study these spectra 
at temperatures even lower than this. Even here, it is highly interesting to 
note that the spectra which previously were known to consist of broad 
featureless bands have been resolved into line-like appearance. 


6. The Uranyl Compounds 


It is well to emphasise the dependence of luminescence spectra on crystal 
structure.°® The uranyl salts and the platinocyanides, which are two strik- 
ing examples of complex co-ordination groups, greatly owe their property of 
luminescence to the crystalline state. Levy,5! for example, found that 
out of the three pure samples of Ba Pt (CN),4H,O only two, which were 
crystalline, gave fluorescence. In uranyl compounds also, Nichols and 
Howes®? find that the characteristic spectra can only be obtained in the 
crystalline state. Even in substances where uranium acts as impurity 
activator, well-resolved spectra at liquid-air temperatures have been obtained 
only if the matrix substance is in the crystalline torm.5* It is interesting to 
see that the fluorescence study of uranyl compounds in the crystalline state 
gives much information regarding the nature of vibrations in the solid. 


Fluorescence is the property of uranyl compounds only; the uranium 
salts do not show any luminescence. At room temperatures, the pure salts 
fluoresce giving rise to nearly 8 rather broad and diffuse regularly spaced 
bands in the green-red region. These become sharp and get resolved into 
lines at the liquid-air temperature. At the liquid hydrogen temperature 
the lines have been reported to become as fine as those of a spark spectrum. 
Table II gives the wave-number values of the lines in the fluorescence 
spectrum of uranyl fluoride at the liquid air temperature taken by 
Mr. N. D. Sakhwalkar in this laboratory. 


TABLE II 
The fluorescence Lines in UO,F,:H,O 


Group 
Series OY 

1 | “2 | 3 | 4 | 5 (average) 

A 20237 (w) 19360 (d) 18503 (d) 17641 (w) 865 cm. 

2 p 20083 (s) ae i tr y tine (m) | 16740 (w) | 861 met 

9 (m 16577 — 

D 19126 (d) 18270 (w) i i $e cnet 

RERUN EEE Le Le LES ke 
s = strong d = dim 


m = medium Ww = weak 
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This is the simplest fluorescence spectrum to be found in the urany] salts. 
Measurement of the lines is very approximate; still it will be seen that the 
spectrum consists of 5 groups each separated from the next one by 860 cm.-} 
This separation of 860cm.-! is characteristic of all the spectra. Dieke and 
Van Heel,** therefore, suggested that the electronic transition is due to the 
uranyl ion and that the jump is modified by the oscillation frequency 860 cm.-1 
of the UO, group. Van Heel® drew up the energy level diagrams to explain 
the spectrum, but a really satisfactory explanation has not yet come forward. 


The Raman spectra of the UO,*+ ion in solution were obtained by 
Conn and Wu** and Satyanarayana.®’ Itis confirmed that the 860 cm.-! 
frequency is due to the symmetric (U=O) vibration. Two more frequencies 
at 930* cm.-? and 210 cm.-! correspond to the antisymmetric and the deforma- 
tional vibrations of the bent UO,**+ molecule. In addition to these, certain 
companions of these vibrations have also been obtained which are due to 
the undissociated uranyl compound. Taking these facts into account and 
treating UO,*+ molecule as a triangular one, the author has found it possible 
to explain the spectra more or less completely with due regard to the inten- 
sities of component lines of each groups. 


The absorption spectra again consist of sharp bands spaced at intervals 
of 700cm.-! This is obviously the vibrational frequency in the excited 
state of the uranyl ion corresponding to 860 symmetric valence vibration of 
the ground state. Thus, the uranyl ion, as far as the vibrational energies 
are concerned, behaves more or less as a free gaseous molecule in the 
crystalline uranyl compounds and gives rise to extremely sharp bands in the 
luminescence spectra which are mostly due 1o the vibrations of the ion. 


7. Solid Benzene 


Investigations of the Raman spectra of crystals probably first revealed 
the sharpness of the infra-red vibrations ; attention to this was drawn as early 
as 1929.58 Some solids such as ice, salts having SO,--, NO ,, efc., as radicals 
show, that vibrations corresponding to the molecule or the radical in ques- 
tion do exist in the solid. The luminescence and absorption spectra which 
have been described above show that similar vibrations exist in the lumines- 
cent solids and are as sharp and discrete as in the gaseous state. Some more 
evidence obtained from the study of fluoresence and absorption of CgHg 
will now be given to show that vibrations corresponding to the gaseous state 
also present themselves in the solid state. 


* Observed in the infra-red absorption spectrum of the uranyl salts in crystalline state 
- by Conn and Wu. 
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The fluorescence spectrum of benzene has been investigated both in 
the gaseous®® and the solid state.6° The fluorescence spectrum of solid 
benzene at — 185°C. consists of two progressions F, E, D, C, Band e, d, ¢, b. 
The interval between F-E or e-d is 990 cm.-! and that between e-E is 
~600cm.-! These bands become extremely sharp at the liqud hydrogen 
temperature. For, the structure of the bands, instead of splitting up, 
completely disappears at this low temperature and only the maxima are left. 
It is remarkable that the fluorescence spectrum of the solid benzene closely 
agrees with series II fluorescence progression of the vapour state (Table IIT). 
The equation for this series is given as v= 39000— 1000n — 163p. 


TABLE III 
Fluorescence Spectra cf Solid and Gaseous Benzene 


a 
N n =e 5 | 4 5 6 

xX 

Pp MSS Vapour | Solid | Vapour | Solid | Vapour | Solid | Vapour } Solid | Vapour | Solid 
0 2675 2749 2825 | 2822 2907 | 2904} 2996 
1 2686 | 2686 | 2759 | 2756} 2838 | 2834 | 2920 | 2921} 3007 | 3008 
2 2698 | 2695 | 2772 | 2772} 2851 | 2853 | 2933 | 2935 
3 2710 | 2712 | 2785 | 2785 | 2864 | 2868 | 2948 | 2956] 3038 


| | 2950 


The absorption spectra of benz:ne and the substituted benzenes have also 
been studied both in the vapour state®! and solid states.°° Due to the 
gteat advance achieved in the understanding of the polyatomic spectra 
in recent years, it has been possible to give a rather complete explanation 
of the observed absorption spectrum of benzene.*2 The solid benzene at 
— 180° C. shows the presence of very strong progression, with a spacing of 923 
cm. in the spectrum. This is similar to that observed in the gaseous state. 
The weaker progression of the gaseous benzene with a spacing of 505 cm.-! 
is, however, absent in the spectrum of the solid benzene. The latter is 
again shifted by 261 cm.—! to the red. A complete explanation for the 
observed bands has been given except for some weaker bands spaced at in- 
tervals of nearly 60 cm.-? which are probably due to the superposition of the 
crystal frequencies. For, they cannot be due to the rotational energy which 
will not exist at such low temperatures. 

It will be noted that the frequencies 990 cm.-! and 922 cm! are the totally 
symmetric vibration frequencies of the C--C bond in the ground and the excited 
states. This case is exactly similar to that already mentioned in the case of 
uranyl compounds. The 606 cm.-! and 520 cm.-! again are the C vibrational 
frequencies in the ground and the excited states. . 
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It is not necessary to give a further account of the fluorescence and 
absorption spectra of other organic molecules. It is known that an unsaturated 
or resonating band in organic compounds generally gives rise to discrete 
spectra. For, when a double bond exists, one of the electrons can be excited 
without destroying the bond and this accounts for the sharp levels. 


8. Solid Nitrogen 


In 1924 Vegard® discovered that when solid nitrogen was bombarded 
by cathode rays it emitted a radiation, the spectrum of which consisted of 
sharp bands and lines. He extended his work considerably and the spectra 
of solid nitrogen, nitrogen-argon mixtures in various proportions and so on, 
at the temperatures of liquid hydrogen and helium, were studied by various 
types of excitations, e.g., slow and swift cathode rays, canal rays, X-rays 
etc.6¢ A considerable number of spectra were thus studied and the nume- 
rous lines and bands were classified into series and systems of such series. 
It is not possible to give all the details regarding these; in brief it may be 
said that they can be represented by equations of the type 


é.g., vg = 21245-5—1631-1n + 10-77? 

vg = 22976-1—1633-1n + 11-3 n? 
for the 5 and the @ series respectively. Other types of series which are charac- 
teristic of the solid state (for they appear in the phosphorescence emission) 


can be represented similarly but the spacing between the successive bands 
_ is larger here, ‘ 

Cpe 1ve 0172324222315 9 7 4n*. 
Series D, a, x, € and « are similar so far as the spacing between the succes- 
sive bands is concerned. The nature of the equations clearly shows that 
the series are due to an electronic transition modified by a vibrational frc- 
quency which combines with it in various quanta. The « series which is 
of greatest importance, involves vibrational frequencies of the excited as 
well as the ground states of the electronic transition. 
Thus, . 
€ (my, Mz) = V9 + T2 (m2) — Ty (my) 
where ™,, m, correspond to the upper and the lower levels of the crystal. 
T, and T, are approximately vibrational frequencies of the excited and the 
ground states respectively ; for T, Ue 1453°1 m,—14-866 m,? and T, (m,) 
= 2323-3 m, — 14-898 m,?. 


Experiments showed that the solid nitrogen has two allotropic modifi- 
cations ; the a-form which exists below 35:5°K. and the f-form which 
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exists above this transition point. While both the forms give luminescence 
on excitation with the cathode rays, it is only the a-form that gives the after- 
glow (phosphorescence). The D, a, X, € and « series which appear in the 
afier-g’ow spectrum are thus the typical bands of the solid form. Vegard 
explained the non-appearance of the after-glow in the P-form by assuming 
that the electronic transition, which is a forbidden one, appears in the a-form 
because the molecular axes are fixed in the lattice (which is cubic). In 
the B-form, however, the axes are absent because the molecule rotates.® 
This, however, does not explain the decaying property of the after-glow 
which does not obey the exponential law. It was, therefore, assumed that 
the bombarding rays produce dissociation of the molecules into atoms. 
The latter recombine to form an excited molecule by the force of some che- 
mical energy. 


The then existing facts were all in agreement with the assumption that 
the electronic transition is of the forbidden type. The level A%Z of the Ne 
molecule was known to exist from the analysis of the first positive nitrogen 
bands. This level is metastable with respect to the ground X12'+, state. The 
vibrational levels of the ground and the excited states were known to be of 
the values of 2359-6cm.-1 and 1460-:4cm,-1® respectively. However, the 
discovery of the Vegard-Kaplan bands of N, by Kaplan® (transition 
A®X,,+ — X12) completely removed the last traces of doubt. The « bands 
now correspond to the above transition® and vibrational energies T, and T, 
correspond to the vibrational frequencies of the 12+ and 2’ states respectively. . 


Lastly, Vegard finds that the series are not composed of single lines but 
of two or more components. The splitting up is more pronounced at the 
liquid helium temperature than at that of liquid hydrogen. The multiplicity 
cannot be due to the rotational energy for obvious reasons. Excepting for 
the a-series which has a splitting of 69 cm.-! other series show a difference of 
40 cm.-? between the successive components. Vegard suggests that these 
are due to the change of vibrational energy of the molecular element in the 
crystal lattice.?? In other words, these are the oscillation frequencies of 
the lattice. 


Here again we have strong evidence to show that thermal frequencies 
existing in the solid state are sharp and monochromatic. Further, it has 
once again been shown that the vibrational energy of the molecule fore 
more or less the same both as regards monochromatism and frequency in 
the gaseous and the solid states. A little difference, if at all, has to be 
expected due to the Van der Waals forces. 
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Summary 


A general survey of the known luminescence spectra of crystals is given. 
Those which give discrete spectra have been divided into seven classes. The 
luminescence spectrum of each of these crystals is examined to see what 
evidence it gives regarding the nature of the vibrations in the crystal lattices. 
Wherever possible the information thus obtained is supplemented by the evi- 
dence furnished by the complementary absorption spectra. It is shown that 
there is a mass of striking evidence indicating that vibrational frequencies 
are sharp and monochromatic in all crystals. Those luminescence spectra, 
which are not discrete are due to an electronic transition in which one or 
both the electronic states involved are not sharp and hence no evidence 
regarding the vibrational frequencies can be gained from them. It is 
remarkable that over the whole range of crystal structure—from the typical 
covalent crystal diamond to the typical Van der Waals crystal solid nitrogen— 
the vibrational frequencies are all sharp and monochromatic. The ionic 
crystals, e.g., the uranyl salts are also no exception to this rule. In many 
crystals some of the constituents, e.g., Nz in solid nitrogen, CgHg in solid 
benzene, the UO,*+ molecule in uranyl salts and so on, behave as if they are 
in the gaseous state. For example, the vibrational frequency observed in 
the fluorescence spectrum of solid benzene at very low temperatures is thus 
the same as that of the ground state of the CgHg molecule, probably the only 
difference being that the observed bands are more discrete in the crystal 
state owing to the absence of the rotational lines. 
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7. Introduction 
IN an earlier paper in this symposium, a general group-theoretical 
method for dealing with lattice vibrations has been indicated. It has been 
shown that the solution of the normal vibration problem depends upon a 
knowledge of the character tables for some point groups which are asso- 
ciated with the different vectors* of the translation group. In the present 
paper it is proposed to indicate the applications of that method to four 
crystals of the cubic system, viz., zincblende, diamond, fluorspar and 
rock-salt. A complete analysis of the normal modes of these and other 
crystals has already been given in an earlier paper of this series, basing the 
discussion on purely intuitive geometric principles. Hence a group-theo- 
retical discussion of simple cases like the vibrations of a simple cubic lattice, 
simple face-centred lattice, body-centred lattice, etc., is not needed here. 
To illustrate the principles, we propose here to put down the appropriate 
character tables and the nature of the normal modes for the four crystals 
mentioned above. All the cases considered here have a face-centred struc- 
ture. The eight possible vectors for this case fall into three distinct sets, 
as is evident by a very simple application of the symmetry operations. The 
(i121) vector forms a set’ by itself and (1, —1,—1); (—1,1,—1)$ 
(—1, —1, 1) another set. The remaining four vectors, (—1, —1, —1); 
(— 1,1, 1); (—1,1, 1) and (1, 1, — 1) form a set by themselves and each 
can be carried over into the others by the symmetry operations. Thus the 
interesting feature in the face-centred system is that (—1, —1, —1) becomes 
equivalent to the other three. We now investigate these three cases separately. 


2. Rock-salt, Zincblende, Diamond and Fluorspar Lattices 


All these cases can be dealt with by the same methods. In the rock- 
- galt lattice, we have two non-equivalent atoms in the positions: 


Na (0, 0, 0); Cl: (4, 0, 0). 


For zinc sulphide, Zn: (0, 0, 0) os cz 4, 4). 
For diamond, G2 (0,070) C: (4, 4, 9). hae 
For fluorspar, Cr._.(0;-0,'0) anes 4, 4) and (, 4, 2). 


* For ap explanation of this symbology reference should be made to the previous paper. 
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So far as the symmetry group is concerned, it is O, for all cases except ZnS, 
and excepting the centre of inversion, all the other operations, forming 
the group Ty, can be located at a lattice point and this feature is common 
to all the four cases given above. Zinc sulphide has no centre of inversion, 
while for rock-salt it can be located at either Na or Cl atom, for diamond 
at (4, $, $) and for fluorspar at (0, 0, 0). This shows that the normal modes 
of all the cases given above can differ only with respect to the centre 
of inversion. Each of the 8 possible vectors will now be taken up one by 
one and the normal modes evaluated by the methods fully explained in the 
earlier paper. i 

(1, 1, 1) Vector—This is left invariant by all the operations of the 
point-group symmetry. Excepting the case for ZnS, which has Tz symmetry, 
the others have O, symmetry and the reduced character of the operations 
is easily found when acting on the non-equivalent dynamical variables in 
each unit cell. 


naa Eo (R)X (R) 


Nn; ny Nn; nj 
(NaC)} (C) | (ZnS) |(CaF, 


—__| 
— 


ZS .. 


The last four TOws give the reduced character % of the operations when 
acting on dynamical varlables of the four crystal lattices. The difference™ 
in the location of the inversion in NaCl and diamond is reflected by the fact 
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that in the former all the six modes are anti-symmetric with respect to 
inversion, while in the latter they separate out into symmetric and anti- 
symmetric modes. ZuS has no inversion and its six modes occur in Fok 
For CaF,, the mode Fog gives one triply degenerate normal mode symmetric 
with respect to inversion while two other modes with degeneracies 3 each 
come under F,,. If we exclude translations, these give, as is at once evident 
from the character table, the following frequencies: 


Degeneracy 
(1) An oscillation of the sodium lattice against the chlorines 
in NaCl «=... ; We 3 
(2) A mutual oscillation ‘of the “interpenetrating eric in 
diamond .. is ae 3 
(3) A mutual oscillation of the zinc rd sulphur lattices React 
one another in ZnS . f ee: 


(4) An oscillation of the Ca and F ions in CaF, ach is 
symmetric with respect to inversion (Fyg). Since the 
inversion is located at the calcium atoms, they must be 
at rest in this mode .. 3 

(5) A combined oscillation of all the outa Aad adoniie 
atoms which is totally antisymmetric with respect to 
inversion (F,,). The translations also occur in F,,. 
Hence the only possibility left is that the fluorines go 
one way and the calciums go the other way 5 ake 


This rigorous analysis can be compared with the treatment given in 
an earlier paper. 

(—1, —1, —1) vector referred to rhombohedral axes.—The vectors 
(—1, 1, 1); G, —1, 1); and (1,1, —1) reterred to rhombohedral system 
are equivalent to (—1, —1, —1) and so there is a minimum degeneracy of 
4 for frequencies of this set. We consider the (—1, —1, —1) vector only. 


The s¥mmetry operations keeping this invariant form the group Dsg 
in all cases except ZnS where it is simply C,, without the inversion. The 
analysis is similar to the earlier treatment. 


For ZnS, the appropriate character table consists of the first three 
columns and first three rows only, The distribution of frequencies in rock-salt 
and diamond is similar, with degeneracies 1,2, 1,2. The former two are 
symmetric with respect to inversion while the latter two are antisymmetric. 
Since ZnS has no centre of symmetry to distinguish the modes, we get a 
coupling between these two sets, which can be resolved only by forming 
the potential energy. For CaF, there are two frequencies with degeneracies 
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2 Nj Nj nj 
20, xt (C) | (ZnS) (CaF) 


Ex 


(NaCl) » el oss 0 
(Diamond) % ..| 6 0 
(ZnS) ¢ ae ee to 0 


(CaF) 


1 and 2 respectively which are symmetric with respect to the inversion. On 
the other hand, there are four frequencies with degeneracies 1, 2, 1, 2 and 
antisymmetric with respect to inversion. There is a coupling here between 
the two single frequencies, with a similar coupling for the double modes. 
The symmetry characters of the modes are at once evident from the 
character table. Those under Aj, are totally symmetric with respect to 
(x, y, z) and for a state of vibration represented by the (—1, —1, —1) vector, 
this can only be in a direction normal to the (111) planes. All the normal 
co-ordinates of an atom ‘r’ involve the term x,+ y,+2z,. For rock-salt, 
this is a vibration of the (111) planes. Being symmetric with respect to 
inversion, the sodiums are at rest, and alternate (111) planes of chlorine 
atoms move oppositely and normal to themselves. The same description 
holds good for the diamond lattices. For zincblende, alternate (111) planes 
contain zinc and sulphur atoms respectively, and the exact relative magnitude 
through which they move depends upon the forces between them. Hence 
they occur coupled together with two frequencies under Ayy. In fluorspar 
a similar motion of (111) planes occurs except that the calciums must be at 
rest in Ay, because of the symmetric nature with respect to inversion. 
Coming to A,, the modes of rock-salt are the same as the above case 
for A,, except that it is the chlorine atoms which are at rest, with the sodium 
atoms moving. Diamond has a similar vibration which is now antisymmetric 
with respect to inversion. Alternate (111) planes now go two against two, 
thus + + —-—, etc. For zinc sulphide, there is no distinction between 
A;, and Aj,,, while for fluorspar we have two coupled modes both anti- 
symmetric with respect to inversion. This is natural, since a motion with 
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the two fluorines going the same way leaves a twofold option for the 
calcium atom. Either the calcium can move in the same way or opposite 


way with respect to fluorine. Thus F Ca F or F Ca F are possible and 
a >< 3 


both are antisymmetric with respect to the inversion at the calcium: atom. 

_ The representations E,, and E,, are double. It is easily seen from the 
group characters that they involve co-ordinates like x,— y,, y,— z, OT Z,— x, 
of an atom. They involve motions of the (111) planes in two directions 
in their own planes and these two directions are equivalent. For rock-salt, 
the same motion as described earlier takes place with either the chlorines at 
rest or the sodiums at rest. Alternate (111) planes move tangentially and 
in opposite phases in this motion. For diamond also, a similar motion 
takes place, and it is either symmetric or antisymmetric with respect to 
inversion. In the former case the alternate planes move as + — — + and 
in the second case they move as + + — —, etc. In zincblende alternate 
(111) planes of the same sort move in opposite phases tangentially. As 
there is no inversion to distinguish the modes further, we get a coupled mode 
or E,. In fluorspar, E, gives a doubly degenerate mode which is uncoupled 
with any other. It is symmetric with respect to inversion and so calciums 
must be at rest with the fluorines going in opposite ways. Here also 
alternate (111) planes of fluorines move tangentially. For CaF, we get in 
E,, two coupled modes with degeneracy two each. As explained for the 
case of A,,,, this is natural, as the calcium atoms can move in the same. or 
opposite ways with respect to the fluorines. The direction of motion 
however is tangential here unlike A,,. This completes a description of all 
the modes for similar motions occurring for (1, 1, 1) (1, 1, 1) and (1, 1, 1) 
planes corresponding to the three other vectors. Thus we get an extra 
degeneracy of four for every frequency belonging to (—1, —1, —1). The 
distribution for this braneh can hence be represented as 


(1) Rock-salt: Distinct frequencies with degeneracies 4,4, 8,8 
(2) Diamond ; ” 2» 4, 4, 8, 8 
(3). Zincblende y “A 4, 4, 8, 8 
(4) Fluorspar a FUE se wn WE 


We now turn to the final vector (1, —1, —1). A detailed description 
of the geometric modes for this vector can be given as above, but we content 
ourselves here by merely indicating the character table and the number of 
the appropriate normal modes with their degeneracies. This vector is left 
invariant by the elements 

(i) the identity ; 

(ii) the three two-fold rotations about the x, y and z axes, 3C,; 

A6a 
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(iii) a reflexion o, in a plane passing through x axis and bisecting the 
other two; 

(iv) the products of o, with 3C, i.e., 3C, 94. 
This is the symmetry group D,, for a crystal with no centre of inversion such 
as ZnS. The addition ofa centre of inversion in rock-salt and fluorspar 
brings in eight operations more D.y X i and the total group is of order 16. 
In diamond, however, the inversion does not commute with all the opera- 
tions in Dy, particularly the three twofold rotations P,, P:, P3 about the 
three cubic axes. Its association with these elements brings in translation 
operations thus 


Bf Fen) She Ob 3 Pil. why te (2) 
since 7) = 7 ands P= Pi this can bé6 written as 
(iP,)?=Tz3 (iP,)? = T,; (iP3)? = 7,. (3) 


Hence the space group keeping the vector (+1, — 1, — 1) invariant in diamond 
lattice cannot be resolved as the product of a point group and a translation 
group. The simplified formula (17) in the paper on general theory is not 
directly applicable here and we have to derive the full character table for 
the space group. All these complications can be avoided, if, for a moment, 
we regard the two non-equivalent atoms in diamond as being different. 
Consequently there will be no centre of inversion here and the pattern is 
exactly the same as for ZnS. Afterwards, when the normal modes for ZnS 
are written down, we can, if we choose, bring in the inversion and easily see 
what modification it can bring in the normal modes. 


We thus have two single modes (coupled) and two double modes 
(coupled). If the inversion is now introduced, the coupling is removed 
with the modes separating out according as they are, or are not, symmetric 
with respect to inversion. We have here a process of building up the repre- 
sentations of a group from its subgroups. The full method is explained in 
the paper on general theory. Since the inversion brings in the translations, 
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we first choose the group D, zx translations for diamond. According to 
_ Clifford’s work each representation of this group we need here, is merely 
the direct product of the representations for Dy and the representation 
(1, —1, —1) of the translation group. 

Here X (12) = —X (1,)= —X(7,) = 1 (5) 
Hence X (Py 7) =X (Py); X (Po ty) =—X (Pp); X (Pars) = — Pg (6) 
for all representations associated with this vector. We now append the 
inversion and derive the group table for D.y x {E, i}. Taking the represen- 
tation B, it is easily seen that it is sent into the representation A, by the 
inversion. This is because the inversion changes P,, P,, P, into P,r,, Bary 
and P37, the characters for which, however, are equal to x (P,), — x (P2) 
and —X(P;) from (6). 

Thus = X(Pi))—>X (Pi) X(P2} >—X(P_) XX (Ps) > — x (P3) 

as a result of the inversion. Thus A, and B, are equivalent under the 
inversion and they give rise to a double representation in the space group. 
The degeneracy of the mode under B, is thus increased and as a consequence 
the coupling is removed. The representation E however is left invariant 
by the inversion and so we do not get any new combination of representa- 
tions. This gives rise to two representations in the space group, one which 
is symmetric, and the other antisymmetric with respect to inversion. 
Accordingly, the distribution of the six normal modes in diamond lattice 
- for this vector is 2,2,2. From the symmetry characters of A,, B, and E 
the normal modes can be derived. They will be found to be identical with 
the descriptions given earlier. 

For fluorspar and rock-salt, the inversion is also located at a lattice 
point and so commutes with thé point group Deg. Hence there is no need 
to bring in a space group, and the appropriate character table is given by 
the direct product of Dz,¢ and the inversion group with two representations 
X(i)= +1. The further analysis is then exactly the same as above and 
there is no real need to put it down here again. The distribution of the 
modes is the same as given in the earlier paper. 

The author is highly thankful to his professor, Sir C. V. Raman, for his 
kind interest in this work and his many valuable suggestions during the 


rogress of this work. 
he . Summary 


In this paper, the character tables for groups associated with vectors 
defining normal modes are given for four cubic crystals based on a tace- 
centred Bravais lattice, viz., rock-salt, diamond, zincblende and fluorite. 
The method of deriving normal modes from these tables, described in an 
earlier paper, is illustrated here. 
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7. Introduction 


THE many remarkable physical properties which diamond exhibits and the 
fact that the element carbon of which it is a crystalline form occupies a 
unique position in the field of chemistry invest this substance with an alto- 
gether exceptional interest for the experimental physicist. There is good 
reason why the mathematical physicist should also regard diamond with 
special interest. It is the typical valence crystal, and as it belongs to the 
cubic system and has a relatively simple structure, its physical behaviour 
should be readily amenable to theoretical explanation and computation, 
Indeed, the diamond lattice may fairly be regarded as a test case for any 
theory of the solid state. 


Ramaswamy (1930) observed a sharp and intense line with a frequency 
shift of 1332 cm. in the Raman spectrum of diamond and interpreted the 
same as the “‘rest-strahlen frequency’ of diamond. He established the 
correctness of this interpretation by showing that the observed frequency 
agrees perfectly with that calculated from the Nernst-Lindemann specific 


heat formula and less perfectly with the Debye “limiting frequency” for ~ 


diamond. Ramaswamy also discussed the reason tor the appearance of the 
rest-strahlen frequency as a Raman-shift in diamond, as contrasted with 
its non-appearance in the alkali halides. Ramaswamy’s claim that 1332 cm- 
is the fundamental vibration frequency of the diamond lattice has been fully 
confirmed by the theoretical work of Nagendra Nath (1934), Venkatarayudu 
(1938) and of Bhagavantam and Venkatarayudu (1939). Their investigations 
have made it clear that an oscillation of the two interpenetrating lattices 
of carbon atoms with respect to each other would have this frequency and 
that it would be active in the Raman effect. 


Other experimental facts have however awaited a satistactory explana- 
tion. Amongst these should be specially mentioned the observation by 
Bhagavantam (1930) of several other feeble lines in the Raman spectrum 
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of diamond with frequency shifts both larger and smaller than 1332 emayy 
the strongest of them having a frequency shift of 1158cm-! The significance 
of this observation as well as of the infra-red absorption data for diamond 
recorded by Julius, Angstrom, Reinkober (1911) and Robertson and Fox 
(1930) was far from being clear. To throw some light on these matters, 
Dr. Nagendra Nath (1937-40) made an elaborate investigation of the 
frequency spectrum of the diamond on the basis of the Born theory. His 
results however remained unpublished. 


The subject entered on a new phase as the result of the investigations 
by P. G. N. Nayar (1941, 1942) of the luminescence and associated absorp- 
tion spectra of diamond at liquid air temperatures. Nayar worked with 
some of the diamonds in the extensive collection made by Sir C. V. Raman, 
and his results showed conclusively that the lattice spectrum of diamond 
contains a whole series of discrete frequencies stretching from 1332 cm-} 
downwards to quite low values. To explain these results of Nayar, Sir C. V. 
Raman (1941) put forward a new theory of the lattice vibrations in crystals, 
the basis of which was the postulate that these vibrations are repetitive 
patterns in space, the unit of the pattern having dimensions either identical 
with or an integral multiple of the dimensions of the lattice cell in the crystal. 
This idea-has received a precise mathematical form and a dynamical justi- 
fication in the introductory paper of the present symposium by Sir C. V. 
Raman. It is there shown that a super-cell whose dimensions are twice 
as great as those of a lattice cell is tne space-unit of the repetition-pattern 
of the atomic vibrations properly so called, while vibrations whose repetitive 
units are of still larger dimensions fall in the category of elastic vibrations. 


The various modes of atomic vibration possible in diamond on the 
basis of the Raman theory have already been derived and discussed in an 
earlier paper by the present author appearing in the symposium. It will 
now -be shown how an expression for their frequencies maybe derived on 
the basis of a scheme of force-constants similar to that employed by 
Nagendra Nath and others in their investigations. 

2. The Geometry of the Lattice 

To enable us to proceed we require a suitable notation for the atoms 
in the lattice and their displacements. The eight atoms in the unit cube 
have the following positions: 

1 2 3 4 
(0, 0, 0) (0, 4; 3) 4, 0, 4) (4, 4, 0) 
5 G4 7 8 (1) 
(4, 4, 4) Ga52) (3 4» 3) (2 4) 
Ala 
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Atoms 2, 3, 4 can be obtained by primitive translations from 1 and 
6, 7, 8 likewise from 5. The rotational and reflexional symmetry of the 
lattice is represented by 48 operations of the octahedral group. There are 
actually only two non-equivalent atoms in the lattice, 1 and 5, and these may 
be regarded as representative of two lattice systems. Each atom of a system 
is surrounded tetrahedrally by four atoms of the opposite system. These 
are its nearest neighbours. The next nearest neighbours of an atom are 
twelve in number and they come from the same system. Four atoms of 
type 2, four of type 3, and four of type 4 are the next nearest neighbours 
of 1. As an illustration, we give here all the next nearest neighbours of 
atom 5. Let us introduce operations ¢,,t ,, t, for translations through (a, 0, 0); 
(0, a, 0); (0, 0, a), a being the length of the edge of an 8-atom cell. By 
combining these operations we can form a set of operations ty, ty, tsy tyte, 
tate, t,t, and t,t,t,, eight in number. These carry the 8-atom cell in fact into 
the 8 cells of a supercell containing 64 atoms. 4, will be a translation 
through an opposite direction, i.e., through (—a,0,0). The symbol 
5 (tz) may be used to denote an atom obtainable from 5 by the translation tf. 
Similar notation can be used to denote for 6, 7, 8, etc. With this notation, 
the twelve next nearest neighbours of the atom can be indicated below as 


6,= 6 (t,f,); 6:= 6; = 6(t,); 6.=6(4,) 
h=7(Gi)3 h=1G)3 b=73 d= 1G) ee) 
8,= 8 (BR 8g= 8(7,)3)83=8 (t,); 84= 8. 

The notation 6,, 7s, 83, etc., is very convenient and has been borrowed from 


Dr. Nagendra Nath’s unpublished work. We are now in a position to 
illustrate how the normal modes can be derived. 


3. The Equations of Motion 


It has been explained in another paper that in a normal mode, it is 
sufficient to know the displacements of one atom and the relative displace- 
ments of the other atoms. These displacements are known when the normal 
co-ordinate is known. Further, in a normal mode all the atoms move with 
the same frequency. It is therefore sufficient to consider the equation of 
motion ofasingleatom. The kinetic energy of atom 5 is 2T = m (X2-+ j24 a=); 
all co-ordinates being displacements from the equilibrium position and 
parallel to the cubic axes. Since the equations of motion involve the deriva- 
tive of the potential energy function with respect to X5, Ys, OF Zs it is enough 
if we consider terms of the potential energy involving these only. The energy 
function chosen in this case represents the valence forces, forces of angular 
distortion and interaction between the next nearest neighbours. Accordingly, 
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potential energy terms involving atom 5 can be represented as 
2V=K (di,+ a3,+ Gig + a2.) a Ka (03. on + UE 02+ Oa,+ 02.) 


2 tak 
+ Ky 2 $+K" 3 D,. (3) 
r=1 £=1 
The summation in the last two terms runs over the next nearest neighbours 
of atom 5. dj, represents the variation in the distance 1-5 while D,, is the 
variation in the distance between atom 5 and one of its nearest neighbours, 
the atom r. 9,, denotes the variation in the angle subtended at 5 by the 
atom ‘r’ and ‘s’. ¢,, denotes the variation in angle subtended by the 
atom ‘r’ and 5 at the appropriate atom. In terms of cartesian co-ordinates, 
these are given by 
dys = (Xp — Xs) Est Wr Ks) Nahe ZA (4) 
and the same type of expressions for D,,. Here €;,, n,,, ¢,, are the direction 
cosines of the lines joining the ‘7 ’th atom to the ‘s’th atom. If (a,, b,, c,) 
and (a,, b,, c,) are their positional co-ordinates, and /,, the distance between 
them 


ee Hs Dp b, Cy— Cs 
f= ene ? ares a Crs = ie : (5) 
We also have, 
UB ce V/3 dys 1 V/2 (dit dss), (6) 


where p is the distance between nearest neighbours in equilibrium configura- 
tion and ‘ t’ denotes the suffix of the atom at which ‘r’ and ‘s’ subtend 
the valence angle. Similar expressions hold for ¢,,. These relations enable 
us to write down the Hamiltonian in terms of cartesian co-ordinates and 
form the equations of motion. Differentiating the potential energy function 
and equating the rate of change of momentum to it, we get the following 
equation of motion for xs. 
— mX,= A X5= Px,— Q(x, + Xet+ Xe+ Xy)+S (x6, + Xe, + Xe, + X¢,) 

— U (x4, + X7,+ X72, + X71 Xe, + Xe, + Xs, + Xe,) 

—R(Q1— Ye Vet Yat 21— Ze+ 23 — 24) 

— V (¥e,— Ye, — Ye, + Yo,+ Ze, — 26,1 26, — 26,) 

+ V (2, — Yan — Yat Vat 28, — Ze, + Z8,— Ze) 

— U (Va, — Vs, — Yast Vat 2% — 22, + 27, 2) (7) 
where A= (2zv)? m, m being ae mass of the carbon atom and vy the 
ss 

P=#¢ (K+7 ros Sis): ont (K+ 8 K,), R= 4(K— 4 Kg), 


2K. K" Ka (8) 


y= 3 Ua S845, eae Sn 
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4. The Expressions for the Frequencies 


Once the equation of motion for x; is written out, we can substitute in 
it the knowa relative displacements of the other atoms in any chosen normal 
mode. The normal mode completely specifies the displacements of every 
atom in the cell in terms of x, and putting the values in (7) we get an 
expression for y, the frequency. Among the normal modes we need pick 
out for consideration only eight, with only one each from a set of mutually 
equivalent degenerate modes. There are only eight such distinct frequencies 
and taking the cases one by one the expressions will be calculated. A 
kaowledge of the normal co-ordinates is assumed here and can be easily 
taken over from earlier papers. 

(1, 1,1) vector. X (t,)=X (t,)=X (t) = 1; 
Xg = Xg= X7= Xg= Xs, = Xp, = CtC., = Xg, = Xe, = ete., 
=— X= — X= — X= — xX,=— ete. 
as all the eight super-cells go the same way, with the lattice systems 1 and 5 
going the opposite ways. The y and z displacements are zero; substituting 
these we get 


8K + 64K 
A= oe : Degeneracy 3. 


(—1, —1, — 1) vector. 
x (t,) =x. (t,) = x (4,)=— 1. 

Therefore — us = Ug, = Ug = — Ug, = — Ug, = Uz = Ug, etc., 
and correspondingly for 4, us, etc. u= x, y, Or z. 
These relations hold for all frequencies of this vector. 

_ A, corresponds to the motion of alternate (1, 1, 1) planes normal to 
themselves. 
Here X= Wy= 73=— X3=— Vs=— 25 
with the relative displacements of the other atoms defined as above 
Substituting 

Ngee 2K+ 8K’. 
ir ee . Degeneracy 4 

As is defined by x, = yj = 23 = X;= yg = Z;: 


Degeneracy 6 
Ay= Sn (K+ 32 Ky + 12 K’ 


A, is defined by z,=— x,=— z,= x;: Degeneracy 8 
sae 8K+ 34Ka 2K" 

a 3m m 
A; is defined by 23 =— x,=2,=— x;: Degeneracy 8 


1, — Ka + 2K" 
Seelam ee 
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In these modes the relative displacements of all the atoms equivalent to 1 
or 5 must b2 derived from the characteristic relations defined by the vector 
(1, 1, 1). On substituting all these, the expressions given above are obtained, 
(1, —1, — 1) vector 


re defined by X53 = Xg= WARS Xa vane Xg 
Ne uke + — Degeneracy 6. 


The motion of the rest Av the atoms is defined by the above vector. 

For A, and A, involving motions in tangential directions there is no 
displacements of the x co-ordinate so far as this vector is concerned. Since 
we have written down the equation for x,, it is convenient to consider the 
(— 1, 1,— 1) or (— 1,—1, 1) vectors for A, and Ag. 

Ae — 2,5 245 — 24 = Xp = — Xe = X= —— Xe 
and 2, =— 2,= 23=— z4=— X= X%g=— Xz—= Kg 
define the two modes for (— 1, 1,— 1) vector. Substituting these relations, 
we get 


A= a Degeneracy 6 
As= eee as : Degeneracy 6 


This completes all the 8 frequencies. We finally present in a tabular form 
all the 8 frequencies with their degeneracies. 


PNunbec Sescription Magnitude Degeneracy 
: ; 8K + 64K 
1 Two lattices moving oppositely ae 3 
2K + 8K” y 
Az een 
| 2 (K + 32Kq+ 12K”) 4 
As Motion of alternate sets of 3m a. 
octahedral planes as fully 
explained in earlier papers 8K + 34K, , 2K” 
a Pom on 3 
6K,+ 2K” 
As PR RY 8 
4K + 40K, , 8K’ 
- | See tentie m 6 
Motion of alternate cubic 12Kq + 4K” é 
ag, t planes as explained in earlier m 
ers 
Rye 8K + 4Kg 4 4K" Re 2 
Ae 3m 
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The author has the greatest pleasure in acknowledging his indebtedness 
to Sir C. V. Raman, Kt., F.R.S., N.L., for his kind suggestions and constant 
encouragement during the course of this work. The author is also extremely 
obliged to his professor, Dr. N. S. Nagendra Nath, M.sc., ph.D., under whose 
direction and guidance a very considerable part of this work was conducted. 
The notation has also been borrowed from his unpublished work. He also 
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Summary 

The eight frequencies in a diamond lattice are calculated with a suitable 
force field and explicit expressions are given for them. Sir C. V. Raman’s 
theory of superlattice vibrations is the basis of the investigation. 
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7. Introduction 


THE hexagonal close-packed structure is a frequently encountered atomic 
arrangement in the crystalline form of many metallic elements. It is 
associated with a hexagonal unit cell having the axial ratio c/a equal to 
1-63, and is a closest packing of spheres. The unit cell contains two atoms 
which have the co-ordinates 0, 0, 0; 2/3, 1/3, 1/2. In some metals, the 
axial ratio is slightly different from 1-63, but the co-ordinates of the atoms 
is the same. In this paper, the modes of vibration of the hexagonal 
close-packed structure are investigated on the basis of the fundamental 
ideas proposed by Sir C. V. Raman in an earlier paper. The results 
are true for any hexagonal structure in which there are atoms at 0, 0, 0; 
2/3, 1/3, 1/2 and is not restricted to the case where the axial ratio is 1-63. 


In a preceding paper, the author has discussed the modes of vibration 
of a simple hexagonal Bravais lattice, and has shown that the eight types 
of vibration fall into four sets, namely (+ + +); (++ —-); (+ -—4, 
—+4, ——+); (4 --, -—-+-, —-—-—). We shall now take up 
each of these sets, and discuss the modes of the close-packed lattice 
under it, using group theoretical methods. In this connection, it must be 
noted that the crystal belongs to the space-group Dé,, in which the inversion 
is not at a lattice point, but is at a point midway between the two atoms, 
i.e., at 1/3, 1/6, 1/4. Hence, the method used by E. V. Chelam in an 
earlier paper in discussing the vibration of the diamond lattice is employed 
for deriving the character table and the modes of vibration. 


2. The (+ + +) and (+ + —) Types of Vibration 
We first consider the two atoms in the unit cell to be different, so that 
there is no centre of inversion. Then, the group of the vibration (cf. earlier 
paper by the author) is D,,;, whose character table is drawn up below. The 
reduced character #(R) for each of the operations in the + + + type 
is tabulated below against #4, Thus, two vibrations (coupled) are 
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obtained under A,” and two others coupled under E’. On introducing the 
centre of inversion, the coupling is removed, the modes splitting up into 
two, symmetric and antisymmetric with respect to inversion. Also, it is 
easily seen that these modes are distinct. They represent the three trans- 
lations of the lattice as a whole, and three vibrations of the two inter- 
penetrating lattices against one another, one being along the hexagonal 
axis and the other two degenerate in the perpendicular plane. 


: 
a 
Dos | EB ok | ph otal Cel ph Bed cle (oh | 3on | atlas 
Ay’ 1 1 1 1 1 1 kf 1 
A,’ 1 1 1 1 cf 5) - i 
Ay’ 1 Ey 1 ot 1 a4 x a 
A,” 1 =I 1 iy oa] 1 2 1 
E 2 2 ay ef 0 0 2 1 
E’ 2 22 a 1 0 0 1 
bsigher 6 2 o | -4 us 2 
yd 6 0 0 | 0 0 2 


Coming to the + + — type of vibration, it has been shown by the 
author (/oc. cit.) that for the simple hexagonal lattice, the group of the 
vibration is D,;. In the present case, if we consider the two atoms to be 
distinct, there is no centre of inversion, and the group is only D3,;, which 
is the same as for + + +. The reduced character for this is tabulated in 
the character table against 4,,. and the number of modes n; under 
each state is determined. It is found that there is one mode each under 
A,’, A,”, E’ and E”. On introducing the centre of symmetry, and associ- 
ating it with the operations of the group D,,, the translation operators ar 
brought in thus: | 


bot he Ont, FIC = Core 18a SsTz723 ICol- t= Corgr,; fo = OT x 


Hence, the operations of D,, do not commute with the inversion, and 
the group D;,x i contains the product of the operations of D3, and the 
translations. It has been shown by Chelam (Joc. cit.) that the character 
of the product of an operation R of the point-group and a translation 
T is the product of their characters, i.e., x(RT)=x(R) x(T). Thus, on 
introducing the inversion, the following transformations occur: 


X (o,)—> —X (0%); X (Cz) —>X (Cs); X (S3)—> — X (Sy); X (Cg) — X (C2) 
and y(o,)—>x(o,). Hence, the representations A,’ and A,” are sent one 
into the other and so are E’ and EB”. Thus these are equivalent under the 
inversion and give rise respectively to a double and a quadruple represent- 
ation in the space-group. Thus, the vibrations symmetric and antisymmetric 
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with respect to the inversion are identical. Hence, under this type, we 
have a vibration along the hexagonal axis with degeneracy 2, and another 
degenerate in the perpendicular plane with degeneracy 4. 


3. The Remaining Types of Vibration 


The vibration represented by the set (+ — +, — + +, — — +) denotes 
the vibration of atoms in alternate prismatic planes. Taking one of them, 
++ — +, it is easily seen that the group of the vibration is only C,,, if the 
two atoms are considered distinct. The character table is given below. 
The transformations on introducing the inversion are iC,i-! =C,7,7,; 
10,i > = 0,7,; jo,i '=o,7, These keep the representations invariant, 
so that each of them splits into two, one symmetric and the other anti- 
symmetric, with respect to the inversion. In these, the successive atomic 
planes have the phases + — — + and + + — — respectively. These are 
distinct since the planes are not equally spaced. 


Cw | E } C, | Cy on" | ee i +) | (+ iden 
; 1 1 1 1 2 2 
BI 1 | =] = 1 2 | 1 
Ag 1 1 —1 “af 1 
B, 1 —1 1 —1 2 2 
ei eee 6 5 2 2 
ee | 6 0 | 2 0 
The last set (+ ——, — +-—, —— -—) represents vibrations of 
atoms in diagonal planes of the type (0111). For this alsc, the group of 
the vibration is C,, and taking one of the types, + — —, the values of 


ys and n; are shown in the above character table. Using the transformations 
in the previous paragraph, it is seen that the representations A, and B, 
become equivalent, and so do A, and B;. Thus, we get a doubly degenerate 
vibration antisymmetric to ,, and two coupled doubly degenerate vibrations 
symmetric to it. The direction of the former is parallel to the plane and 
perpendicular to the hexagonal axis. It may also be described as the 
intersection of the vibrating plane with the horizontal r<flsction plane of 
the lattice. The other two vibrations take place in two _ unspecifiable 
directions in the perpendicular plane o,. A physical explanation for the 
equivalence of the symmetrical and antisymmetrical modes consists in the 


fact that the vibrating planes may be imagined to be either the (0111) or 
the (0111) planes. 
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The modes of vibration may thus be described as follows :— 


No af y Description Number 
* of modes 
1,2 +++ Translation of the lattice as a whole i sf Le 

3 +++ Vibration of the atoms in the two lattices against each 
other, in a direction parallel to the hexagonal axis Oz 1 

4+ ++ Same as (3), but in a plane perpendicular to Oz, the 
vibration being degenerate in the plane .. a 


5 ++ — Vibration of basal (0001) planes with the phases 

(+ + — —) and (+ — — +) normally 7s 2 

6 ++ — Sameas (5), but transversely degenerate in the plane .. 4 

7to 9 +—-+ Vibrations of prismatic planes in three directions, 
—++ normally, transversely perpendicular to the hexagonal 

——+ axis, and parallel to it, with the phases + + — —_ 3, 3, 
10to12 do Same as (7) to (9) but with the phases + ——+ .. 3, 3 


13.+ —— Vibration of the (0111), (1011), (1101) planes with 
—+-— the phases (+ +—-—) and (+ ——-+) in a 
—--—— direction in the plane perpendicular to the hexa- 
gonal axis Hi 6 
14, 15 do Same as (13), but in two nspeciintle directions in a 
plane perpendicular to the direction in (13), as 
described above a ts Ka ie 6, 6 


ss. 


Total .. 48 


Number of distinct modes .. 13 


In conclusion, I wish to express my grateful thanks to Prof. Sir C. V. 
Raman for the keen interest that he took in the investigation. 


Summary 


The modes of vibration of the hexagonal close-packed structure is 
worked out on the basis of the Raman theory of crystal vibrations. The 
character tables are drawn up, and the vibrations are derived by a method 
due to E. V. Chelam without using the character table of the space-group. 
It is found that there are 13 vibrations with degeneracies 1, 2, 2, 4, 3, 3, 
6;-353) 356, 6 6larhs planes which take part in each mode and the 
- directions of vibration for these are also described. 
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IN a series of papers, Maris and Hulburt have developed an ultraviolet light 
theory of aurore and magnetic storms.1 The theory is not subject to 
the difficulty pointed out by Schuster and by Lindemann against 
the corpuscular theory, and is claimed to give a satisfactory explanation 
of the concentration of the aurore in the region of high latitudes, 
the diurnal variations of magnetic storms, etc. The theory is based on the 
following assumptions: (1) The ~ 101* atoms or molecules (called simply 
particles here) in a column of unit cross-section above ~ 450 km. bounce 
up and down with exceedingly long free paths and make ~ 10" collisions 
per second at the 450 km. level. The particles at this level are excited 
to high energy states or ionized by solar radiations. In collisions of the 
second kind with these excited particles or in collisions with recombining 
particles, the particles from above receive energies corresponding to veloci- 
ties as high as 10km./sec. It is assumed that some 10° of these 1014 
collisions are of this nature. The particles will reach some 40,000-80,000 
km. in 3 to 6 hours. (2) These high flying particles are ionized by solar radia- 
tions in 3 to 6 hours and, being now electrically charged, come down in 
spirals around the lines of force of the earth’s magnetic field. These ions 
coming down into the lower atmosphere produce the aurora, etc. 


This theory has been examined by Chapman and its consequences have 
been compared with the observed facts.2 Mitra and Banerjee have made 
some calculations on the basis of this theory and obtained somewhat diffe- 
rent values for the number of particles sent up per second and the time 


1 H. B. Maris and E. O. Hulburt, Phys. Rev., 1929, 33, 412; Hulburt, ibid., 1929, 34, 344 ; 
1930, 36, 1560; Rev. Mod. Phys., 1937, 9, 44. 
2S. Chapman, Monthly Notices, Roy. Astro. Soc: Geophys. Supp., 1930, 2, 296; Terr. 
Mag., 1938, 43, 77. These papers are not available to the writer who comes across reference to 
the first in the articles by Hewson, Rev. Mod. Phys., 1937, 9, 430, and Hulburt, Phys. Rey., 
1930, 36, 1560, to the second in Science Abstracts, No. 2814, 1938. 
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taken for the ionization of these particles. The purpose of this note 
is to examine more closely the fundamental processes assumed by Maris 
and Hulburt and the calculations of Mitra and Banerjee. 


Granting that the distribution of particle density with height is what 
the original authors assume, we can show that the number of particles 
receiving a high velocity by the assumed mechanism is extremely small. 
Consider first the possibility of a particle acquiring a high velocity by a colli- 
sion of the second kind with an excited atom or molecule at the 450 km. level. 
The ratio of the concentrations of particles in an excited state kK and in the 
ground state i may be expected to differ greatly from the Boltzmann factor 
on account of the low pressure and hence the scarcity of collisions in the 
upper atmosphere. To obtain the relative populations it would be necessary 
to treat the problem as one of radiative equilibrium in diluted temperature 
radiation according to the theory of cycles of Rosseland. For the con- 
sideration of the order of magnitude only, we may simplify the problem by 
considering only the state 7, the state kK and the continuum c so that we have 
co 


J oe I(r) dv, (1) 


Vo 


“4 co 
Nj Bt po) +N’ fv QO)N, (0) do= Ne AL +N 
4 
0 


where N;, Nz, N’, N, (v) dv are the concentrations of particles in the states 
i,k and the ionized state, and of electrons having velocities between v and 
v + dv, respectively, Q (v) is the cross-section for electron capture by the 
ion into the state k, r(v) the cross-section for photo-ionization of the state 


k, I (v) the intensity of solar radiation of frequency v, and Bt and Ay are the 
4 4 


Einstein coefficients of absorption and spontaneous emission respectively. 
It can readily be verified that the second term of the right-hand side of 
(1) is very small compared with the first, and for electron capture cross-section 
of the order 10-** cm.? and total electron density less than 10/c.c., the 
second term on the left of (1) is small compared with the first ae that 
approximately 


Na/Ni= (galg,) BY /AY = £4 ty 
kl Ni= (82/8: | ee Sahel de> (2) 


where p(v) is the radiation energy density at frequency v, hv = E,— E; 
and the g’s are the statistical weights. p can be taken to be W times that of 
a black body at T = 6000° K. where W is the dilution factor and is ~ 5 x 10-8 
For Ez— E; = 13 volts so that one half of it when transferred to a colliding 
particle of the mass of an oxygen atom may give it a velocity ~ 9 km./sec 
=n by} 


* S. K. Mitra and A. K. Banerjee, Indian J. Phys., 1939, 13, 107. 
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the above ratio N;/N; is ~ 10-16 g,/g;. Thus of the 101 collisions between 
the particles from above and those below, only ~ 1/10? of a collision takes 
place with an excited atom or molecule. Furthermore, the probability of 
energy transfer from an excited atom or molecule to a heavy particle is 
known to be very. small, probably of the order of 10-? — 10-2 per collision, 
when the energy must go into the kinetic energy of translation of the heavy 
particle. This smal! probability is due to the great disparity in the masses 
of the electron and the heavy particle. Hence of the 10' collisions, only 
10-> — 10-3 of a collision, not 108 as Maris and Hulburt assumed, will result 
- in imparting a high velocity to the particle from above. 


Consider next the plausibility of a particle from above acquiring a 
high velocity on collision with recombining particles below. Now this is 
a three-body process and as such the probability is extremely small on 
account of the low pressure in the upper atmosphere. This probability can 
be expressed in terms of a cross-section of the recombination for unit con- 
centration of the third body. On making an optimum assumption that the 
probability of the energy transfer in a given collision is ~ 1/100, this cross- 
section for unit concentration of the third body is ~ 10-42 cm®.* Ata 
height where the concentrations of the recombining particles and of the 
third body are all of the order 10’/c.c., the number of 3-body collisions is 
about 10-? per second per c.c. Thus the number of particles acquiring a 
high velocity from recombining particles is too small to play any role in 
producing aurore. 


Consider now the calculations of Mitra and Banerjec for the number of 
particles sent up in collisions of the second kind between an atom and 
an oxygen atom in the metastable state *S formed by the capture 
of an electron by an oxygen ion O+ produced by photo-ionization. The 
probability of ionization is given, as in (1), by 


co 


where the atomic absorption coefficient 7 (v) is~ 1-4 x 10-17 according to Bates, 
Buckingham, Massey and Unwin.’ One has then w~1x 10° so that of 
the 1016 particles in a column of unit cross-section above = 710 km., about 
1 x 10-8 are ionized per second. The number of recombinations forming 
O (S) inthe column per second is given by q=a Ny N_L where «a 
is the recombination coefficient for radiative process, N,, N. are the 


i i iv. Press, 1938. 
4 Cf H.S. W. Massey, Negative Jons, Cambridge Univ. ; 
& tea Buckingham, Massey and Unwin, Proc. Roy. Soc., 1939, A 170, 322, 
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concentrations of O+ and electrons and L is the height of the column 
such that N, L =total number of O+ in the column. Now Mitra and 
Banerjee obtained a value 10° for q by putting g =a n, n_ where n,, 
n_ are the numbers of Ot and electrons produced in the column per second, 
a procedure which is obviously incorrect. To obtain an estimate of g, we 
need, not the numbers of Ot and electrons produced per second in the column, 
but the concentrations and the total numbers present at a certain mcment. 
The total number of O* in the column after irradiation by solar radiations 
for some 104 seconds (a few hours) is of the order 1012. This number of 
O+ and hence also of electrons must be spread over a great height so that 
the electron density N_ is probably of the order 10%/c.c. (it cannot be 
much greater, for otherwise it would have been revealed by observations 
on the reflection of radio waves). As a is of the order 10~1!* according to 
Bates et al.,5 one finds for g a value ~10? per second. As the lifetime of the 
state 18 of OI is 0-5 second and as the collision frequency at the level 800- 
900 km. is about one in 75 seconds, these 10? O (4S) atoms make about 1 
collision per second with other atoms. Of this only a fraction, say y, will be 
of the second kind, where y is the efficiency of energy transfer and is certainly 
less than unity. It is then clear that the process considered by Mitra and 
Banerjee is inadequate in accounting for the aurore and magnetic storms. 
Incidentally it may be pointed out that the 4-2 volts of energy released in the 
process 1S — °P in the oxygen atom will be divided between the two collid- 
ing atoms on momentum considerations so that the energy available for 
shooting the atom is only about 2. volts. 


The above considerations also make it clear that no material 
changes in order of magnitudes of the various quantities will be obtained for 
the case of an active sun. 


Finally, the assumption that the high flying atoms are ionized by solar 
radiations in 3 to 6 hours is based on the relation 
E=t(U),—D =?t1I,U1 —e7), (4) 
where E is the ionization potential of the particle, t is the time in which the 
particle is ionized, Ij and I are the intensities of the ionizing radiations 
before and after traversing a column of unit cross-section and of such height 
that it contains just one particle, and 7 is the atomic absorption coefficient 
defined by the usual relation I=I, e-N7*. Mitra and Banerjee employed 
the relation (4) and found t =3 x 103 hours. Now the above relation 
for ¢ implies that the atom continues to absorb energy from the radiation 
beam for a time ¢ until it amounts to the ionization potential E. This is 
entirely at variance with the basic ideain the quantum theory in which the 
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process is governed entirely by probability considerations. The time ¢ 
should be given by the relation 

t= li, (5) 
where w is the number of transitions per second from the bound state 
to the continuous state under the action of the radiation field. As ioniza- 
tion can be effected by all radiations with frequency v greater than the value 
Vg corresponding to E, the total probability of ionization by solar radiations 
is simply that given by (3) and is of the order 10-8 per second. Hence the 
lifetime of the neutral oxygen atom is ~ 10® seconds instead of the values 
assumed by Maris and Hulburt and calculated by Mitra and Banerjee on 
the basis of (4). 


Thus on the above general considerations, it is clear that the assumed 
physical picture of the processes invoked in the theory of Maris and Hulburt 
is inadequate tor explaining the cause of aurore and magnetic storms. 
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Ir is long since known that the tension existing on the surface of the 
metals has a considerable influence on the potentials of the metals in solution 
of its salts and therefore it has been found necessary to fix definite conditions 
for the preparation of the electrodes. 

Uptil now no systematic study has been undertaken to establish a rela- 
tionship between these strains and the electrolytic solution pressures. This 
is clearly due to the fact that strains are difficult to measure. The solitary 
instance of an attempt to study the effect is by M. G. Moore! who had done 
experiments to determine any change in the energy of emergence with change 
in the state of strain of the metal surface. The difference between the 
energy of emergence of the strained and unstrained surfaces was measured 
by the difference in the contact potential. His experiments showed that 
with an expansion of 1% the change in the energy of emergence was certain- 
ly less than 4x 10-* volts. His experiments were not intended to investi- 
gate any relation between strain and electrolytic solution pressure and there- 
fore are of little use. 


The experiments mentioned herein are an attempt for a systematic study 
of P. D. between strained and unstrained metallic surfaces dipping in solu- 
tion of a metallic salt. As a result it is found that molecular aggregation 

-on the surface of the strained wires plays an important part in the values of 
potential differences. 


For the purpose of these experiments two copper wires were annealed 
by heating them till red hot and then dipping in methyl alcohol. This treat- 
ment has been found to give reversible copper electrodes. An electroly- 
tic cell was prepared as shown in Fig. 1, one of the wires marked A was 
loose and without any strain while the other wire B was strained by suspend- 
ing weights. Re, 

The cell C was filled with copper sulphate solutions of definite and known 
strength. An E.M.F. was found to develop between the strained 
and unstrained wires. The galvanometer used was a suspended coil mirror 
type made by Cambridge Instrument Co., Ltd., England, and had a sensi- 
tiveness giving 1 m.m. deflection for a current of 4x 10-9 amp. The 
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resistance of the galvanometer was 450 ohms. The arrangement permitted the 
fall of potential of -00001 volt being easily detected. The measurements 
were made by a potentiometric arrangement. The results of the experiments 
have been shown in the tables and graphs attached. 


TABLE I TABLE II 
The Copper Wire No. 22 S.W.G. The Copper Wire No. 24 S.W.G. 
in N/25 Copper Sulphate Solution in N/25 CuSO, Solution 
Load applied | E.M.F. | Load applied E.M.F. 
(Kilogrammes) Observed (Kilogrammes) Observed 
0 —-0015 volt 0 —-0025 volt 
1 —-0014 1 —-0019 
2 —-0012 2 —-0010 
3 —-0010 3 —-0004 
4 —-0008 3°5 —-0002 
5 —+0006 4 —-0001 
6 —+0004 
7 —-+0004 | 
TABLE III TABLE IV 
The Copper Wire No. 26 S.W.G. The Copper Wire No. 22 S.W.G. 
in N/25 CuSO, Solution in N/250 CuSO, Solution 
Load applied E.M.F, Load applied E.M.F. 
(Kilogrammes) | Observed | (Kilogrammes) Observed 
0 —-0014 volt 0 —-0049 volt 
0:5 —-0012 1 —-0040 
1 —-0010 2 —-0025 
1-5 —-0005 3p —-0017 
2 —-0001 4 —-0010 
2°5 +-0002 5 —-0003 
3 +. +0003 6 —+0001 
id +0000 
TABLE V TABLE VI 
The Copper Wire No. 24 S.W.G. The Copper Wire No. 26 S.W.G. 
in N/250 CuSO, Solution in N/250 CuSO, Solution 
Load applied E.M.F. Load applied E.M.F. 
(Kilogrammes) Observed (Kilogrammes) Observed 


*003 volt —-0040 
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The constant term Eg in the Nernst expression E= Eo+ Aas log c has 


been evaluated by Butler.2 He puts the constant term Ey as being equal to 
ae a log T000 NLA a x x where W, is the work required to bring a posi- 
tive ion from the metallic surface to the equilibrium point, similarly W, 
represents the work required to bring a negative ion from the bulk of the 
solution to the equilibrium point, Ay= VVR/nW,, A= +/R/,7M, M 
being the gram ion weight, N, = number of ions per unit area of the metal 
surface, N, = number of ions per c.c. of the salt solution. Other symbols 
having their usual meanings. Of the two terms occurring in the equation, the 


first term as is the only significant one and has a predominant value, 


the other terms according to Butler (Joc. cit.) can be left out. 


W, is the work done in bringing the metallic ion from the surface of 
the metal to the equilibrium point. Butler (Joc. cit.) has not taken account 
of any resistance that would have to be overcome in detaching the metallic 
ion from the molecular aggregation. 


The aggregates of crystals in the metals are of great complexity. When 
the metals are strained for instance as happens when they are stretched by a 
load, these aggregates which sometimes are as big as a fraction of a milli- 
metre are altered. Ewing and Rosenhain* have made a special study of this 
fact and find that when a metal is strained beyond the yield point there is a 
slipping of the crystals as shown in Figs. 3 and 4. 
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The increase in the positive value of P.D. of the strained wire shows 
that the tendency for the copper to form ions under stretching strain becomes 
less as the wieght is increased (Fig. 2) or that the molecular aggregates formed 
on the surface hinder the formation of ions. This means that the value of W, 
in the case of strained wire is higher than in the case of annealed one. 


It is also seen that when the strain is removed the P.D. against 
the annealed wire does not reach its original value showing that the 
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molecular aggregates and not the strain itself is responsible for the increase in 
the potential. 

It is very difficult to keep wires free from any strain and therefore the 
curves have started from different E.M.F.’s although dipping in the same 
solution shown in Fig. 2. 

It is also seen from the graph (Fig. 2) that after a certain load the P.D. 
becomes constant. This may be due to the fact that at this stage the wire 
approaches the breaking point and the deformation at the electrode surface 


is complete. : 
Conclusion 


1. The potential differences of copper wires under stretching strain 
against annealed wires have been studied. 
2. It is found that the strained wire is more positive. 


3. It is contended that some work is necessary to detach ions from 
the metallic surface and is more in the case of strained wire as compared to 
the annealed one. 
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CONSIDERABLE attention is being given in recent times to the discovery of 
sulphanilamide derivatives for the treatment of infections of the typhoid- 
cholera-dysentery group. A drug to be ideal for these intestinal infections 
should, besides possessing very strong bacteriostatic and bactericidal action 
against the organism concerned, remain localised in the intestine with little 
of it being absorbed from there into the blood stream. Such a drug should 
be harmless even with very high concentrations in the intestine because the 
toxic effects produced by the drugs are mainly the results of their high con- 
centrations in the blood. Basing on this principle, Marshall et al.! brought 
forward sulphanilylguanidine as a drug suitable for the treatment of the 
intestinal infections. Though there are fairly good reports on the treatment 
of bacilliary dysentery with this drug, it does not impress on us to be as 
excellent as sulphanilamide or sulphathiazole in their respective spheres of 
action (compare for example”). We attempted therefore to prepare other 
compounds which may fulfil the criteria mentioned above. 


It has previously been reported® from this laboratory that sulphathiazole 
protects mice against septicemia due to B. typhosum and that it shows 
distinct bacteriostasis against V. cholere in vitro in as low a concentration 
as 3 mg. per cent., while sulphanilamide even in 10 mg. per cent. shows no 
bacteriostasis. The disadvantage of this drug for our present purpose is that 
it is very rapidly absorbed from the intestine so that it is difficult to attain 
very high concentrations of this in the intestine without increasing corres- 
pondingly the concentration in the blood to dangerous limits. So we sought 
to prepare derivatives of sulphathiazole of such a type that the original 
therapeutic activity may not be much impaired and at the same time its 
absorption from the intestine will considerably be reduced. The poor 
absorption of sulphaguanidine from the intestine which is alkaline in pH, 
appeared to us to be due to its insolubility in alkali and so we attempted 
to prepare derivatives of sulphathiazole of formula (I) or (I). 
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The other object in synthesising compounds of this type is to aid us in 
correlating chemotherapeutic activity with chemical constitution. Deriva- 
tives of sulphathiazole with alkyl substituents at positions 4 and/or 5 of the 
thiazole ring were previously reported.‘ The compounds described here 
represent the third possibility of introducing further substituents in the mole- 
cule of sulphathiazole. 


Sulphathiazole readily condensed with alkyl bromide or iodide (R. Hal) 
or sulphate in alkaline solution to yield a substitution product wherein the 
(N*) amino group was found to be unsubstituted. .The yields were better 
and the products much purer if the sodium salt of sulphathiazole was treated 
with the halide in alcohol. While methyl, ethyl, butyl, isoamyl and hexyl 
bromides or iodides readily condensed, isopropylbromide was very reluctant 
to undergo the condensation under these conditions. $-Chloroethylamine 
and f-bromoethyldiethylamine did condense with sodium sulphathiazole 


(1) ; (II) 
but the products obtained could not be crystallised. Ethylchloroacetate 
as well as ethyl a-chloroacctoacetate on condensation with sodium sulpha- 
thiazole yielded the same compound (No. 93); thus the acetyl group in the 
latter reagent appcars to get eliminated in the process. The compounds 
prepared are listed in the table. 


TABLE 
HC——N'‘R 
lI | — 
R’ fe :N so. SNH, 
Ss 
c eaee 
Serial R= Re P. Molecular a Nitrogen 
No. eG, Formula cand ae ae 
Found | Required 
83 Methyl- H 244-46 Ci9H,,N,0.S 
3 roti 15-3 15: 
oH Ey 1 H 183-85 Ci1HygN;0,S, 15-2 te 
86 Dekel Hi 186-88 GutiNsO282 13-2 13-5 
sole laiactiexyls, Ho’ | seo tess: 12-2 | 12-9 
106 | g-Hydroxyethyl- H. | 158-56 |S NiO stn 5 eel eee 
Spell ree H | 150-52 | CaHuNiows: | ‘1-0 | 120 
93 Carbethoxymethyl- H 184-85 12ftigiNsU 592 12-9 13-0 
c S . ¢ 
APTS cJaote| re | GHENGS! | 133 | 8S 
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For the compounds obtained as above described, two structures (I) and 
(II) are possible. Because of the existence of the triad system, 
—N=C—-N-R=R:N—C=N -, the compound (I) can easily iso- 
merise to (II) and there are instances known in literature of such an isomeri- 
sation. On boiling the alkyl bromides with an alkaline solution of sulpha- 
thiazole, a low melting product is first obtained in many cases, which during 
the process of crystallisation is gradually transformed into one of higher 
melting point. We have not succeeded in isolating the lower melting ones 
in these cases (an instance wherein this has been done is reported in the 
next part) and it is difficult to assert that this is due to isomerisation since 
dimorphism is also well known among these compounds. After this work 
was completed, Hartmann and Druey® have found that acetsulphanilyl- 
chloride condensed with 3-methy]-2-thiazolonimin to yield the same product 
obtained by methylating acetylsulphathiazole with dimethyl sulphate; this 
on hydrolysis yielded the methyl derivative (II, R = Me), m.p. 245-6°. On 
the other hand, p-nitrobenzenesulphochloride condensed with 2-methy]- 
aminothiazole and the product obtained on reduction yielded a compound, 
m.p. 109-10°, to be represented as (I, R = Me). Jensen® has also reported 
the same. Druey’ has recently reported the preparation of a series of com- 
pounds of formula (II) by condensing 3-substituted thiazolonimids with 
p-nitrobenzenesulphochloride and reducing the resulting compound and also 
by condensing (N*) acctylsulphathiazole with the alkyl halides and hydrolysing 
the resulting products. The products thus prepared appear to be identical 
with those reported by us here, though there are slight differences in the 
melting points (these compounds as a class frequently do not give sharp 
melting points). Thus we assign the structure (IT) to the compounds obtained 
by us. 


The compounds described here, excepting that number 92, have been 
tested in experimental plague infections in mice during December 1941- 
January 1942, according to the technique of Sokhey and Dikshit.§ The 
methyl derivative 83, showed therapeutic activity comparable to sulpha- 
thiazole. The ethyl compound, 84, gave only one survivor out of ten and 
the average survival time of the mice was slightly greater than that of the 
controls; so also was the case with the p-hydroxyethyl derivative, 106. All 
the others were inactive. The methyl derivative, 83, also showed good 
therapeutic eftect in experimental streptococcal and pneumococcal infections 
in mice. Because of its sparing solubility in water (less than 0-5 mg. per 
cent.) its in vitro bacteriostatic effect could not be studied; however, it is 
interesting that this compound after oral administration to mice produces 
sufficient concentration in the blood to exert a pronounced therapeutic effect. 
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Experimental 


Unless otherwise stated, the yields are all to be understood as good in 
the following experiments. 


2-(p-Aminobenzenesulphonimido)-3-methyl thiazolone (II, R = Me).—To 
2-sulphanilamidothiazole (50 g.) dissolved in sodium hydroxide (2-5 ous 
160 c.c.) was added gradually under good shaking dimethyl sulphate 
(40 c.c.). A crystalline product began to separate. After good shaking it 
was allowed to stand for about one hour (the solution was distinctly alkaline), 
then filtered, the crystalline product triturated well with dil. sodium hydroxide, 
washed well and crystallised from alcohol. Yield, 46 g. 


This compound could also be obtained by reacting sulphathiazole in 
alkaline solution or sodium sulphathiazole in alcohol with methyl iodide. 
In no case could the low melting isomer be oltained. 


This compound was recovered unchanged after boiling with 4 N hydro- 
chloric acid or 2:5 N sodium hydroxide for one hour. 


2-(p-Aminobenzenesulphonimido)-3-butylthiazolone (II, R = Bu).—Sul- 
phathiazole (12-4 g.) dissolved in sodium hydroxide (2:5 N, 40 c.c.) 
was boiled with butyl bromide (10 c.c.) or butyl iodide (8 c.c.) 
till there was no further increase in the quantity of the crystalline solid that 
separated (about 1 hour). It was cooled, the crystalline solid separated, 
washed well with alkali, then with water and crystallised from alcohol. 


. 2-(p-Aminobenzenesulphonimido)-3-isoamyl thiazolone (II, R= isoamyl).— 
To sodium salt of sulphathiazole (13-7 g.) was added methyl alcohol 
(50 c.c.) followed by isoamyl bromide (10 c.c.), and the whole heated 
under reflux for about one hour and then allowed. to stand overnight. The 
crystalline product that separated as such and also from the mother-liquors 
on dilution, was washed well with dil. alkali, then with water and crvstallised 
from alcohol. ’ 


Similarly, the ethyl and hexyl compounds were* prepared by utilisin 
ethyl iodide and hexyl bromide. 


2-(p-Aminobenzenesulphonimido)-3-carbethoxymethylthiazolone di, R= 
CH,COOEt).—Sodium (1:2 g.) was dissolved in absolute alcohol (50 cen 
and to this was added sulphathiazole (12-8 g.) and the mixture refined 
for 15 minutes. To the solution was added ethyl chloroacetate (8-0 g.) 
and the refluxing continued for about one hour more. After allows 
ing it to stand overnight the product that had separated was filtered rapidl 
washed with alkali, then with water and crystallised from alcohol. ’ 
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The same compound was obtained when sodium sulphathiazole was 
condensed with ethyl a-chloroacetoacetate. 


2-(p-Aminobenzenesulphoximido)-3-acetonyl thiazolone (II, R = CH.CO 
CH;).—The sodium salt of sulphathiazole (13-7 g.) was taken up 
in absolute ethyl alcohol (75 c.c.), chloroacetone (5 g.) was added and 
the mixture heated under reflux. A crystalline solid soon separated. The 
mixture was heated for about an hour more when the chloracetone had 
completely disappeared. It was then filtered, the product washed with 
alkali, then with water and crystallised from alcohol. 


2-(p-Aminobenzenesulphonimido)-3-B-hydroxyethyl thiazolone (II, R= 
HO:-CH,CH,—).—To sodium salt of sulphathiazole (13-7 g.) in methyl 
alcohol (20 c.c.) was added ethylene chlorhydrin (10 g.) and the mixture 
refluxed for about one hour. Further working up of this was as described 
in the previous cases. 


I am indebted to Mr. C. V. Deliwala for the nitrogen estimations 
recorded here. I also thank Lt.-Col. S. 8. Sokhey for his kind interest in 
ihese investigations. 

Summary 

The synthesis of various derivatives of sulphathiazole with alkyl and 
substituted alkyl substituents at the ring nitrogen of the thiazole nucleus has 
been described. Of these compounds only the methyl derivative showed 
good therapeutic activity in experimental streptococcal, pneumococcal and 
plague infections in mice. 
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WHEN the condensation of 2-aminothiazole and acetsulphanilyl-chloride in 
molecular proportions is effected in the presence of pyridine, 2-acetsulphanil- 
amidothiazole is produced in good yields. On the other hand, the use of 
inorganic basic condensing agents in the place of pyridine has now been 
found to yield different results. Tuda, Iticawa and So* have reported that 
the condensation of acetsulphanilylchloride with 2-aminopyridine in acetone 
in the presence of sodium bicarbonate yields 2-acetsulphanilamidopyridine ; 
Bobranski and Eker? have obiained the same resuits by using sodium oxide 
in the place of sodium bicarbonate. But when the condensation of 
acetsulphanilylchloride with 2-aminothiazole was effected in the presence of 
sodium bicarbonate in acetone or aqueous solution, the product obtained 
was different from the expected 2-acetsulphanilamidothiazole. On 
crystallisation from alcohol it melted at 128-29°; it was insoluble in alkali 
but was hydrolysed to sulphathiazole by means of alkali or acid. The same 
product was obtained by condensing two molecules of acetsulphanilylchloride 
with one of 2-aminothiazole in pyridine or by the action of acetsulpharil- 
ylchloride on an alkaline solution of 2-acetsulphanilamidothiazole. On 
boiling this product, m.p. 128-29°, with alcohol for some time, it was 
quantitatively transformed into another, which turned yellow at 190° and 
charred at 225°. It was also insoluble in alkali and hydrolysed to sulpha- 
thiazole. These two compounds can be either dimorphic or isomeric. 
Though definite evidence against the first possibility has not yet been pro- 
cured, we are inclined to believe that they are isomers to be represented by 
the two structures (I) and (If). Since a compound of structure (I) can be 


Sey igen SO. NH Ac 
HC C -N(SO, NN H-Ac)z HC C:N-SO ce NH-A 
VY < 7 i 
S 
(I) (II) 
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expected to isomerise to one of structure (II) and not so easily vice versa for 
the obvious steric reasons, we suggest the structure (I) for the lower melting 
compound and (II) for the other. Jensen and Thorsteinsson,® in a paper 
which is not accessible and the abstract of which contains no details, have 
described a compound of structure (II), m.p. 200-220° (turning yellow at 
190°); this may quite possibly be identical with the higher melting isomer 
described here. 


It is thus of interest to note that whereas in the presence of pyridine, 
the condensation of 2-aminothiazole with a molecular equivalent of acet- 
sulphanilylchloride yields 2-acetsulphanilamidothiazole, the use of sodium 
bicarbonate in the place of pyridine results in the bicondensation product (I) 
which is easily hydrolysed to sulphathiazole. We have investigated the latter 
reaction from the practical point of view of the manufacture of sulphathiazole 
since such a process has not so far been described. We are now satisfied 
that this is a very feasible method with many practical advantages. The 
condensation of 2-aminothiazole with two molecular equivalents of acet- 
sulphanilylchloride can be effected in fairly good yields in aqueous suspension 
in the presence of sodium bicarbonate, calcium or barium carbonate. 
Calcium carbonate is preferred because of its cheapness and also giving 
better yields. Another observation made of practical importance is that the 
yields are better if the solution of aminothiazole is added to the slurry of 
the sulphochloride. The hydrolysis of the bicondensation product to sulpha- 
thiazole proceeds smoothly in good yields. The advantages of this method 
of preparation of sulphathiazole are: (1) the sulphochloride can be used in 
the wet state after washing with water by decantation, (2) the use of the 
costly and now practically unobtainable good grade of pyridine is dispensed 
with, (3) the products obtained are cleaner and much less coloured and 
(4) the whole working time is very much shortened. We are engaged in 
effecting further improvements in this method and studying the reaction 
with other alky aminothiazoles. 


Experimental 

2-Diacetsulphanilylamidothiazole (1)—(1) To 2-aminothiazole (10 g.) 
dissolved in dry pyridine (50 c.c.) was added with good shaking crystallised 
acetsulphanilylchloride (46 g.). After all of it was added, the mixture was 
warmed on the water-bath for about half an hour, cooled and then poured 
into cold water. The solid that separated was filtered off, triturated with 
dilute sodium hydroxide solution, filtered, washed and crystallised from 
alcohol; yield, 35:0g. The condensation product obtained in colourless 
needles melted at 128-29° (Found: N, 11:4; CygHigN,O,S3 requires 

A2 
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N, 11-3%). When this product was hydrolysed by boiling for one half 
hour with about 4N hydrochloric acid and further worked up as_ usual, 
sulphathiazole was obtained in very good yields. 


(2) To a solution of 2-acetsulphanilamidothiazole (7:2 g.) ir sodium 
hydroxide (60 c.c. of 2-5 N) was added with cooling and good shaking finely 
powdered acetsulphanilylchloride (6-0 g.). The whole was kept well ground 
in a mortar and the solution maintained slightly alkaline if necessary by 
addition of alkali. After allowing to stand for some hours, the product was 
filtered off, washed with water and crystallised from alcohol; m.p. 127-29° 
(mixed m.p. with the foregoing sample being the same). Yield, about 10 g. 


(3) The same product was obtained on condensing 2-aminothiaZole 
with one or two molecular equivalents of acetsulphanilchloride in aqueous 
solution in cold in the presence of 2:5 molecular equivalents of sodium 
bicarbonate. 


2- Acetsulphanilimido-3-acetsulphanilylthiazolone (11).—When the product, 
m.p. 127°-29°, was boiled in alcohol for one to two hours, it was trans- 
formed into one of higher melting point; this product which is sparingly 
soluble in alcohol, after repeated crystallisations from alcohol, was obtained 
in colourless needles which turns yellow at 190° and charrs at 225° (Found: 
N, 11:3; CygHigN,OgS3 requires N, 11-39%). 

Preparation of Sulphathiazole—The acetsulphanilylchloride prepared 
from acetanilide (1:0 kg.) and commercial chlorosulphonic acid (2:4 1.), 
was washed free from acid with water and suspended in water (8 to 101.). 
In case the solution was acidic, it was neutralised with calcium carbonate 
and then a further quantity of calcium carbonate (500 g.) was added~and 
stirred well. A solution of crude 2-aminothiazole (250 g.) in water (4 1.) 
was slowly run in with good stirring. There was a vigorous evolution of 
carbon dioxide and the stirring was continued till it practically subsided, 
After allowing it to stand overnight, the solid was filtered off, triturated with 
dilute hydrochloric acid to decompose the excess of calcium carbonate and 
then washed with water (a sample of the condensation product on crystallisa- 
tion from ethyl alcohol had m.p. 128-29°). The solid obtained was hydro- 
lysed as usual by boiling with about 5N hydrochloric acid or about ten 
per cent. sodium hydroxide. On neutralising the filtrate, sulphathiazole 
was thrown out. This was collected and recrystallised from boiling water 
(charcoal). The yield of the product obtained in colourless needles was 
about 250 g. and this can doubtless be improved. 


We thank Et.-Col. S. S. Sokhey, Director, for his keen interest in these 
investigations. 
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Summary 


2-Aminothiazole condensed with acetsulphanilylchloride in aqueous 
solution or suspension in the presence of sodium bicarbonate, calcium 
carbonate or barium carbonate to yield 2-diacetsulphanilylamidothiazole, 
m.p. 128-29°; the same product is also obtained by condensing 2-amino- 
thiazole with two molecular equivalents of acetsulphanilylchloride in 
pyridine or by condensing 2-acetsulphanilamidothiazole with acetsulphanilyl- 
chloride in alkaline solution. This compound on boiling with alcohol 
isomerises into 2-acetsulphanilimido-3-sulphanilylthiazolone. These two 
products are hydrolysed by acid or alkali to sulphathiazole in good yield. 
A process of preparation of sulphathiazole is described. 
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Ir is well known that a hydroxyl ortho to the carbonyl group in aromatic 
. OH O 


' es ae, : 
compounds, —C—-C—C-—,, exhibits certain peculiarities, viz., that it is not 


readily methylated and that it is less phenolic than when it is present in other 
positions. This behaviour has been observed not only with the simpler 
compounds such as resacetophenone, salicylic acid, etc., but also with 
the hydroxy-flavones, -flavonols, -flavanones, -chromones, -chalkones, 
-xanthones, and -anthraquinones containing this group. These peculiarities 
have been ascribed to the existence of chelation between the hydroxyl 
hydrogen and the carbonyl oxygen thus: 


oer —O-H 
| PRES i R=H, OH, OCH; or alkyl 
‘J—C=0 —C=0 
| 
R R 


leading to a diminution of ionisability of the phenolic hydrogen atom and 
also causing fixation of the double bonds. When the hydroxyl is in the 
meta or the para position to the carbonyl it behaves in the normal manner. 
Consequently the qualitative detection of the presence of a hydroxyl ortho 
to the carbonyl group is of considerable interest. 

No attempt seems to have been made in the past to develop a general 
reaction for the detection of this group in various types of compounds. 
However, a few reactions which distinguish ortho-hydroxy carbonyl 
compounds from the meta- and para-compounds have been recorded and 
these could be utilised, though to a limited extent for this purpose.. 
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. Anschtitz! found that while the, o-, m-, and p-hydroxy benzoic acids 
themselves reacted with phosphorous pentachloride yielding the phosphorous 
oxychloride derivative of the phenolic carboxylic acid chloride of the follow- 


ing type: 
CcOo-Cl 


CoH, 
No-Pocy 

ortho-hydroxybenzoic acids in which the second ortho position to 
the hydroxyl is already occupied give the free acid chlorides. Obvi- 
ously, the reaction is of no value for detecting the presence of the ortho- 
hydroxy-carbonyl group in the simple unsubstituted hydroxy-benzoic acids. 
However, it could be employed, for example, with o-cresol-carboxylic acids: 

Jean-Renaud? found that only esters of o-hydroxybenzoic acids yield 
with hydroxylamine and alkali in aqueous solution the corresponding 
hydroxamic acids, R-CO-NHOH, while the m- and p-compounds do not. 
Since the hydroxamic acids can be readily detected by means of the charac- 
teristic property which they possess of yielding a red or violet colour with 
ferric chloride, this difference could be utilised to distinguish the three types 
of hydroxy acids. However, it fails with the ester of 8-naphthol-B-carboxylic 
acid, and Angelli and Castellana? showed that if an alcoholic solution is 
employed, the ester of m-hydroxybenzoic acid also gives the hydroxamic 
acid. In this connection it is of interest to note that among the unsubstitu- 
ted o-, m-, and p-hydroxybenzoic acids the ortho acid can be easily 
and directly distinguished by means of its colour reaction with ferric chlo- 
ride. While the ortho compound yields a violet colour, the m-, and p-com- 
pounds give none. It may, however, be pointed out that substitution brings 
about a marked change in the colour obtained with the ferric chloride as, 
for example, in the case of 5-nitro-salicylic acid which yields a red colour 
and hence the ferric chloride colour reaction is not a sure test for the o- 
hydroxybenzoic acids. 

A third reaction distinguishing the o-hydroxy-carboxylic acids from 
the m-, and p-acids has been reported by Ndlting.t Anilides of the ortho 
acids on treatment with dimethylaniline and phbsphorous oxychloride yield 
compounds of the malachite green series whereas those of the m- and p-com- 
pounds yield derivatives of dialkyl-amido-benzophenones. 

With regard to the hydroxy-ketones Pfeiffer et. al. found that while 
carbonyl compounds and m- and p-hydroxy-carbonyl compounds yielded 
with stannic chloride additive compounds, in the presence of an ortho- 
hydroxyl internally complex (chelate) compounds were obtained. The latter 
compounds are closely related to the tin lakes and are coloured unlike the 


additive compounds. 
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In the group of the hydroxy-anthraquinones, Dimroth ef al.§ found that 
OH O 


(iit oad 
the a-hydroxy compounds containing the —C—C—C—group gave on 
| 


treatment with boracetic acid in acetic anhydride solution characteristic 
colour changes, in many cases with fluorescence, due to the formation of 
boracetate complexes (chelation) involving the hydroxyl and carbonyl and 
that when the hydroxyl was not in the ortho position to the carbonyl only 
acetylation of the former occurred. Brass et al.’ utilised this reaction for 
proving the absence of /-hydroxyl in the dihydroxyphenanthraquinone (2 : 4) 
they had prepared. 


Feig] and Krumholz® observed that boric acid itself reacts with a-hy- 
droxy-anthraquinones dissolved in concentrated sulphuric acid yielding 
characteristic colour changes which can be used either for the detection of 
boric acid or the a-hydroxyanthraquinones, These authors explained these 
colour changes as due to the formation of inner complex (chelate) boric 
esters or of similar boric-sulphuric acid esters involving the ortho hydroxyl 
and the carbonyl group. From the data given by Meyer® it is clear that 
generally in the absence of a hydroxyl ortho to the carbonyl group, no 
prominent coJour changes occur on the addition of boric acid. However, 
a few exceptions are known. 2 : 3-dihydroxy-anthraquinone gives a colour 
change, though not a prominent one (red-brown to brown) on adding boric 
acid, but it does not contain a hydroxyl ortho (a) to the carbonyl group, 
while 1: 3-dihydroxy- and 1:4:5 :8-tetrahydroxy-anthraquinones fail to 
give a colour change on adding boric acid though they contain the a-hydroxyl. 


Rangaswami and Seshadri” showed that Wilson’s boric-citric acid colour 
test is quite useful for the detection of the presence of a 5-hydroxyl in 
hydroxy-flavones and -flavonols and that a positive reaction is given by 
the methyl ethers also. Similar results were obtained with the o-hydroxy- 
chalkones and their methyl ethers. However, the 5-hydroxy-flavanones, 
naringenin and hesperetin, and the simpler o-hydroxy compounds, salicylic 
acid and resacetophenone fail to give the test. These authors pointed out 
that for a compound to yield a positive reaction the molecule should con- 
tain: (1) a keto-group, (2) an ortho hydroxyl or methoxyl and (3) an external 
double bond in conjugation with the C=O. This reaction is obviously 

OH O 


cate 1st] 
limited to those compounds containing the mE ge glia e i in which 


a Ree | 
there is present in addition an external double bond in conjugation with the 


Fluorescence Reactions with o-Hydroxy-Carbonyl Compounds—1I 367 


C=O as in the case of 5-hydroxy-flavones, -flavonols and the 2-hydroxy- 
chalkones. 


To the above may be added the ferric chloride colour reactions for 
the o-hydroxy-carbonyl compounds, acids, aldehydes and ketones which 
serve to a limited extent to distinguish the o- from the m- and p-compounds. 


It is clear from the above that the available reactions for the detection 
OH O 


pom fvell 

of the —C—C—C— group have been developed with reference to particular 
ie ae 

types of compounds and have consequently a limited range of applicability. 


In a previous communication! which may be regarded as Part I of this 
series, Neelakantam and Row reported that addition of boric acid to 
solutions of the O-hydroxy-carbonyl compounds in concentrated sulphuric 
acid, except in a few cases, brought about either a marked intensification or 
a change in colour of the fluorescence exhibited by them in daylight or under 
the ultra-violet lamp. In some cases fluorescence appeared only on the 
addition of boric acid, the solutions (H,SO,) of the compounds themselves 
being non-fluorescent. These results were given not only by the simpler 
compounds such as salicylic acid, resacetophenone, etc., but also by most 
of the 5-hydroxy-flavones, -flavonols and -flavanones examined. In the 

OH O 


en aa 
absence of the Psi gill st gid group no fluorescence effects (Joc. cit.) were 


heart 
observed except in one case (3:7-dihydroxy-flavone). These authors 


suggested that the reaction might serve for the detection of this group. It 
was, however, pointed out by them that a negative result does not neces- 
sarily indicates the absence of this group. 


Since the previous work was published several other o-hydroxy-carbonyl 
compounds became available as a result of synthetic work done in our labora- 
tories and it was felt desirable to examine the scope of this fluorescence 

OH O 


Levelt 
reaction as a general reaction for the detection of the —C—C—C— group in 
| 
aromatic compounds. The present investigation is confined to compounds 


containing carbon, hydrogen and oxygen only. Feigl (Joc. cit.) examined the 
colour reactions of the a-hydroxyanthraquinones with boric acid in daylight 
only and hence the few available compounds of this series were included in 
the present investigation, In all twenty-six compounds including some 
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o-hydroxychalkones recently synthesised in our laboratory have now been exa- 
mined. Further, a variety of aromatic compounds containing the hydroxyl 
and carbonyl groups in other than the ortho position to each other and also 
those in which the hydroxyl or the carbonyl is absent have been examined 
to elucidate the limitations of the reaction. 


Experimental 


Solutions.—The boric acid solution and the solutions of the substances 
under investigation were prepared as described already.™ 

Procedure.—The procedure adopted was also identical with the one 
previously described. , 
' Results.—The colour of the fluorescence obtained with the o-hydroxy- 
carbonyl compounds is recorded below. The results obtained with 
compounds in which the two groups are not ortho to each other and also 
those in which one of them is absent are also recorded in order to test the 
specific nature of the reactions. 


o-Hydroxy-ketones.—2-Hydroxy-6-methoxy-acetophenone gave a bright 
yellow and 2-hydroxy-4: 6-dimethoxy-acetophenone a greenish yellow 
fluorescence with boric acid under the lamp. 2-Hydroxy-3: 6-dimethoxy- 
acetophenone and w-methoxy-phloracetophenone gave no fluorescence 
with boric acid even under the lamp. With all these compounds the blanks 
exhibited no fluorescence either in daylight or under the lamp. 

o-Hydroxy-aldehydes.—2 : 4-Dihydroxy-6-methyl-benzaldehyde gave a 
bright greenish yellow and 2-hydroxy-4-methoxy-6-methyl-benzaldehyde a 
greenish yellow fluorescence with boric acid under the lamp. ‘With the 
two compounds no fluorescence was obtained either in daylight or under 
the lamp in the blank test. 2-Hydroxy-4: 6-dimethoxy-benzaldehyde, 
however, gave a pale yellow fluorescence in the blank test and a deeper yellow 
fluorescence with boric acid under the lamp. 

o-Hydroxy-carboxylic acids and esters——Atranorin and ethyl rhizonate 
gave no fluorescence in the blank test but with boric acid they gave a pale 
blue fluorescence under the lamp. Montagnetol and lecanoric acid gave a 
pale violet fluorescence under the lamp even without boric acid and on its 
addition this became deeper in both cases. The methyl ester of karanjic acid 


gave a pale blue fluorescence in the blank and a deeper blue with boric acid 
under the lamp. 


o-Hydroxy-chalkones.—2 : 4: 3’ : 4’—Tetrahydroxy-chalkone (butein) 
dissolved in sulphuric acid gave a green fluorescence visible in daylight itself 
and on treatment with boric acid, there was appreciable increase in its inten- 
sity; the blank appeared greenish yellow under the lamp and with boric 
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acid a deeper greenish yellow. 2: 4-Dihydroxy-chalkone gave a pale greenish 
yellow fluorescence in the blank and a deeper greenish yellow with boric 
acid under the lamp. 2:4: 4’-Trihydroxy-3’-methoxy-chalkone gave an 
yellow fluorescence with boric acid under the lamp and none without it; 
in daylight no fluorescence was obtained with or without boric acid. 


The following chalkones recently synthesised by Seshadri et al. (un- 
published work) gave no fluorescence with or without boric acid in daylight 
or under the lamp :— 


2: 6-Dihydroxy-, 2: 4’-dihydroxy-6: 3’-dimethoxy-, 2: 5: 4’-trihydroxy- 
6: 3’-dimethoxy-, 2-hydroxy-3: 6-dimethoxy-, 2-hydroxy-3:6: 4’-trimethoxy-, 
2: 4’-dihydroxy-3: 6: 3’-trimethoxy-, and 2-hydroxy-5 : 6: 3’: 4’-tetrame- 
thoxy-chalkones. 

a-Hydroxy-anthraquinones.—Quinizarin gave a pale yellow fluorescence 
in daylight itself without any boric acid and on its addition it was deepened; 
there was no appreciable colour change with the boric acid. The blank gave 
an orange-yellow fluorescence under the lamp and with boric acid this became 
deeper yellow. Alizarin, quinalizarin and rheum-emodin (2-methyl-4: 5: 7- 
trihydroxy-anthraquinone) gave no fluorescence with or without boric acid 
in daylight or under the lamp. In these cases prominent colour changes 
occurred on the addition of boric acid. Alizarin gave a pale pink solution 
which became violet on adding boric acid, with quinalizarin the change was 
from violet to blue and in the case of rheum-emodin from orange to violet- 


red. 
OH ve O 


aay ety 
Compounds in which the—C-—-C—C—group is absent.—The follow- 


ing compounds gave no ical ae with or without boric acid in daylight 
or under the lamp :— 

p-Hydroxy-benzaldehyde, vanillin, isovanillin, protocatechuic aldehyde, 
benzoin, benzil, a-naphthol, 5: 6:3’: 4’-tetramethoxy-flavanone, anisic 
acid and gallic acid. 

In the following cases the solutions of the substances in concentrated 
sulphuric acid gave fluorescence under the lamp but on the addition of boric 
acid there was no change in intensity or in colour :— 

m-, and p-Hydoxy-benzoic acids, mandelic acid, benzophenone, 
phthalic acid, ®-naphthol and 3-methoxy-7-hydroxy-8-methyl-flavone. 

Other compounds examined for negative evidence were the following :— 

Benzilic acid, umbelliferone, 4-methyl-, 5-methyl-, 4: 8-dimethyl-, and 
8-allyl-umbelliferone ; 2-methyl-3-methoxy-7-hydroxy-, and 2-methyl-3- 
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methoxy-7-allyloxy-chromone, and 6: 8-diallyl-7-hydroxy-flavone. All these 
gave fluorescence when dissolved in sulphuric acid even in daylight but 
addition of boric acid produced no change. 


7-Methoxy-3-hydroxy-flavone, however, behaved in an exceptional 
manner. Its solution in concentrated sulphuric acid exhibited a light greenish 
blue fluorescence in daylight which on the addition of boric acid became a 
bright blue; under the lamp it was bright green in the blank and deep blue 


with boric acid. 
Discussion 


In the case of the o-hydroxy-ketones, -aldehydes, and -acids, the 
results now obtained generally support the conclusions reported in 
the previous communication (loc. cit.). Among the compounds now exa- 

OH O 


Lomt eal 
mined also there are a few cases in which though the —C—-C—C—group 


is present negative results are obtained. Among the iantee o-hydroxy- 
carbonyl compounds it appears that when the 3-position is occupied either 
by a methyl or a methoxy group as in 3-methylresacetophenone, 2-hydroxy- 
3: 6-dimethoxy acetophenone and 3-methyl-4-methoxy-2-hydroxybenzoic acid, 
no fluorescence is observed with boric acid either in daylight or under the 
lamp. w-Methoxy-phloracetophenone also gives a negative result with 
boric acid. 


In the group of the o-hydroxy-chalkones, out of the ten cases examined 
positive fluorescence effects were obtained only with three and it is interesting 
to note that all these are derived from §-resacetophenone. A comparison 
of the results obtained with the chalkones and the corresponding ketones 
shows that the behaviour of the two classes is not always parallel and while 
the ketones may exhibit the fluorescence effects the corresponding chalkones 
may not. Thus y-resacetophenone itself yields positive results while the 
chalkones derived from it do not but 2-hydroxy-3 : 6-dimethoxy-acetophe- 
none itself gives negative results and so also the chalkones derived from it. 
It may be stated in general that conversion of a ketone to a chalkone reduces 
the capacity to exhibit fluorescence. 


The a-hydroxy-anthraquinones yield strongly coloured solutions when 
dissolved in concentrated sulphuric acid and even when diluted largely with 
the acid they do not give any fluorescence effects with boric acid except in 
the case of quinizarin. It appears that when addition of boric acid produces 
colour changes, no fluorescence effects are obtained. 
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OH O 


; ears pery 
Compounds which do not contain the —C—C—C—group gave nega- 
| 


. | 
tive results with boric acid, with one exception, in all the cases examined. 


The results presented in this paper in conjunction with those already reported 
in Part I (Joc. cit.) show clearly that a large number of compounds containing 
OHO 
Baa eee 
the —C—C—C—group such as the o-hydroxy-acids, -ketones and -aldehydes; 
| 


the 5-hydroxy-flavones, -flavonols and -flavanones; o-hydroxy-chalkones and 
a-hydroxy-anthraquinones give positive fluorescence effects with boric acid. 
However, there are cases in which though this group is present negative 
results are obtained. With the data available at present no general explanation 
could be given for these exceptions. 


Among the compounds examined so far only in the cases of 3: 7-di- 
hydroxy-flavone reported in Part I and 7-methoxy-3-hydroxy-flavone in the 
present paper were fluorescence cffects obtained with boric acid in the 

OH O 


eens i 
absence of the —C—-C—C— group. It is of interest to note in this connec- 


aes | 
tion that in the boric-citric acid test also both compounds gave a deep blue 


fluorescence but no colour.1® 7-Hydroxy-flavone itself gives a negative 

result in the fluorescence as well as in the boric-citric acid test. Obviously, 

therefore, the 3-hydroxyl group in 3: 7-dihydroxy-flavone and in its 7-methyl 

ether is responsible for their exceptional behaviour in the fluorescence test. 

From the data available, therefore, it could be deduced that, with these two 

exceptions, a positive result with boric acid indicates the presence of the 
OH O 


I ie 
_¢ 6 ¢- group in aromatic compounds containing carbon, hydrogen 


Gi ia et only but the converse is not true. 

It is evident that this reaction is of greater applicability than any so far 
reported in the literature. It is much more general than the others and is 
not confined to any one type of compounds. Further the test is very easily 
carried out and it does not involve further substitution as in Anschiitz’s 
method or preparation of derivatives.as in Jean-Renaud’s and Ndlting’s 


methods. 
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Conclusion 
1. Addition of ‘boric acid to aromatic compounds (C, H, and O only) 
OH O 


Gee, Rie | f ; 
of various types containing the group—C—-C—C—, dissolved in concen- 


trated sulphuric acid generally produces a marked intensification or a change 
in colour of the fluorescence exhibited by them in daylight or under the lamp. 
In several cases the solution of the compound in sulphuric acid 
is itself non-fluorescent and fluorescence appears on adding boric acid. 

2. Ina few cases even when this group is present no fluorescence effects 
are obtained with boric acid. 

3. 3:7-Dihydroxy-flavone and its 7-methyl ether are exceptions in 
that they give positive reactions with boric acid even though the above 
group is absent. 

4. The fluorescence effects obtained with fore acid could be utilised 

OH O 


ROSE p A 
for the detection of the —C—-C—C--group in various types of aromatic 


| 
compounds containing carbon, hydrogen and oxygen only. A _ positive 


reaction indicates the presence of this group but the converse is not true. 

5. This’ reaction is more general than all the others described in 
literature and is also easily carried out. 

Further work is in progress. 

The authors wish to express their thanks to Prof. T. R. Seshadri for 
valuable help rendered in the course of this investigation. 
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ALTHOUGH it is known that in admixed solutions with acetone ferric chloride 
is reduced in light (1) no work of a quantitative nature has yet been report- 
ed in literature. Some work, however, has been done on the photo-reduc- 
tion of ethereal solutions ot ferric chloride, but it lacks in thoroughness of 
treatment. Observations of a purely qualitative nature were made by Ben- 
rath (2), Puxeddu (3) and Spcier (4) using different regions of radiations 
as source of light. Later on, a quantitative study of the reaction was 
made by Puxeddu and Vodret (5) in sunlight as well as in arc light, but the 
method employed by them to estimate the amount of reduction is open to 
objection. They found that the reaction is of the first order and is 
completed in one hour. Further they found that the nature of the in- 
cident light has a marked effect on the reaction; at the same temperature 
the decomposition is much slower in arc light than in sunlight. 


Talpade (6) has recently critically examined the applicability of various 
analytical reagents to estimate small quantities of ferrous iron in presence 
of large amounts of ferric iron and organic substance and has come to the 
conclusion that ceric sulphate is the only reageut which can be best employed 
for an unambiguous and direct measurement of a high degree of accuracy. 
The present investigation was therefore undertaken mainly with a view to 
obtain accurate quantitative data on the kinetics of the photo-reduction 
of ferric chloride in presence of aqueous acetone and anhydrous ether 
using ceric sulphate method for the estimation of the amount of reduction 
from time totime. The various effects on the reaction due to the changes 
in the concentration of ferric chloride, temperature, wave-length and the 
intensity of light have been studied and the quantum efficiency of the re- 
actions has been also measured in light of different spectral regions at 
different temperatures with different concentrations of ferric chloride 


solutions. : 
Experimental 


The source of light was a Phillip’s 1000-watt vertical type cinema pro- 
jector lamp worked at a constant current of 4:2 amps. The reaction cell 
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was made of optically plane parallel quartz plates; its capacity was 4-5 c.c. 
and internal thickness 5 mm. It was cemented at the top to a thick glass 
plate with two holes through which passed siphon tubes ground to the holes 
in the plate. To the siphon tubes were attached pieces of India rubber tub- 
ing which were closed air tight. 

The light filters were Kodak’s wratten filters. The mean wave-length 
transmitted in cach case was determined spectroscopically and was found 
to be as follows :— 


Blue filter ni ter A125. Ue 
Yellow filter at io OTD Als 
Red filter a 4 o0029. A000. 


Ferric chloride used was of A.R. quality obtained from B.D.H. It 
was dissolved in redistilled water with the addition of a certain amount of 
HCI in order to prevent the hydrolysis of ferric chloride (7) and also to 
stabilise the pH. Ethereal solutions of ferric chloride were prepared in 
Merck’s extra-pure ether. Aqueous solutions of acetone were made by 
dissolving Merck’s extra-pure quality acetone in redistilled water. These 
solutions were made in the dark and stored in air tight bottles which were 
always kept in a cool dry place. 


After the elimination of heat radiations the parallel beam of light was 
incident on the reaction cell which was carefully screened from other radia- 
tions and was shaken from time to time to avoid the formation of “ inner 
filters’ (7). A Hilger thermopile connected to a Moll galvanometer record- 
ed the intensity of the incident and the emergent beam of light. The 
absorbed energy was calculated from the galvanometer deflection differences 
for the reacting solution with and without ferric chloride, which were calj- 
brated in terms of Hefner 100. 


After insolating the mixture for a certain known interval, the cell was 
taken out of the thermostat and connected to a titration bottle and a wash 
bottle. On exhausting the air in the titration bottle the water from the wash 
bottle passed through the reaction cell to the titration bottle, thus draining 
the cell completely of its contents. The amount of reduction was deter-. 
mined by titrating the mixture against a standard solution of ceric ‘sulphate 
with diphenylamine in sulphuric acid as an internal indicator in the 
presence of a few c.c. of syrupy phosphoric acid. | 


The results obtained are given in the following tables in which 


a= the initial concentration of ferric chloride expressed in 
millimoles in 4 c.c. of the reaction mixture, 


Photo-Reduction of Ferric Chloride in Presence of Acetone & Ether 375 


b = the initial concentration of acetone expresesd in millimoles in 
4 c.c. of the reaction mixture, 


= the temperature at which the reaction is studied, 
the incident intensity in terms of galvanometer deflections, 
== the wave-length of the exciting radiations in A.U., 


X = the amount of reduction of ferric chloride in millimoles in 
4 c.c. of the reaction mixture, 


~ es ey 
ii 


t = the time of exposure in minutes, and 
K= the unimolecular velocity constant. 


TABLE I 
Ferric Chloride and Aqueous Acetone 
b= 02764; T = 35°, 


a = 0°8604 | a = 0°5736 | = 0°2868 


X x 108 | K x 104 | X x 108 | K x 104 | Xx 108 | K x 104 


60 6-12 1-151 4-05 1-190 2-12 1-228 
120 12:06 1-170 7:96 1-190 4-18 1-247 
180 17-86 1-164 11-88 1-177 6-26 1-228 
240 23-58 1-161 15-88 1-180 8-28 1-228 
300 29-36 1-159 19-66 1+174 10-26 1-220 
360 35-19 1-158 23-49 1-164 12-24 1-209 
480 46-44 1-156 31-18 1-171 16-06 1-204 
600 57:60 1+155 38-70 1-170 19-80 1-194 

\ 
TABLE II 
Ferric Chloride and Anhydrous Ether 
Tes). 
a = 0:9583 | a =0-4863 | a = 0:2448 
t 
X x 108 K x 104 Xx 103 | Kx 104 Xx 10° | K x 108 
I 
7-92 | 1-381 4-14 1-420 2°34 | 1-573 

190 15-84 1-381 8-28 1-439 4-64 1-573 
180 23-54 1-381 12-33 1-420 6-84 1-561 
240 31-14 1-372 16-29 1-420 9-04 1-554 
300 38-52 1-366 © 20-16 1-412 11-12 1-543 
360 45-99 1-369 24°12 1-414 1323 1-541 
480 60-93 1-367 31-86 1-410 17-46 1-545 
600 75:60 1-370 | 39-60 1-416 | 21-60 1-539 
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It can be seen from the above tables that the photo-reduction of 
ferric chloride in the presence of acetone and ether is not a zeromolecular 
reaction because the values of X/t decrease steadily as the reaction 
proceeds. If the reaction is of the first order, then the time required 
for the completion of the same fraction of the reaction carried out with diff- 
erent initial concentrations should be the same. Different values of X/a 
for reactions started with different initial concentrations were therefore 
calculated and are given in the following table: 


TABLE III 
X/a for acetone | X/a for ether 
t 

a = 0:8604 | 0:5736 | 0: 2868 | 0:9583 | 0: 4863 | 0- 2448 

60 0-0071 0-0071 0-0074 0-008 0-009 0-010 
120 0-0140 0:-0139 0-0146 0-016 0-017 0-019 
180 0-0208 0-0207 0-0218 0-025 0-025 0-028 
240 0:0274 0-0277 0:0289 0-032 0-034 0-037 
300 0:0341 0:-0343 0-0358 0-040 0-042 0-045 
360 0-0409 0:-0410 0:0427 | 0-048 0-050 0-054 
480 0-0540 0:0544 0-0560 0-064 0-066 0-071 
600 0: 0669 0:0675 0-0690 | 0-079 0-081 0-088 


It will be seen from the above table that for the same period of insola- 
tion the values of X/a are very nearly independent of the initial concentra- 
tion of ferric chloride. The photo-reduction of ferric chloride in presence 
of acetone and ether, therefore, is a unimolecular reaction. This is confirm- 
ed by the facts that (i) the plot of log (a-X) against the time of insolation is 
a straight line, in all cases, and (ii) the values of the unimolecular velocity 
constants, given in Tables I and II, agree fairly well for a particular 
concentration of ferric chloride. 


The mean values of the velocity constant for different initial concen- 
trations of ferric chloride are given in the following table: 


TABLE IV 
Acetone | Ether 
a 0+ 8604 0: 5736 | —0:2868 0:9583 0: 4863 0: 2448 
Kx10¢ 1°159 1:177 1-220 1:373 1-419 1-554 
Mean —— 1:°185 Mean —-> 1-449 


It will be seen from the above table that the velocity constant decreases 
with increase in the concentration of ferric chloride, the deviations from the 
mean being beyond the experimental error. 
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The effect of temperature 


The effect of temperature was examined by studying the kinetics of 
the reaction at 30° and 40° in addition to that studied at 35° in composite 
light. The results obtained are given in the following tables: 


TABLE V 


Ferric Chloride and Acetone 


a = 0°8604 a = 0:5736 a = 0: 2868 
t 
Xx 10° | K x 104 X x 108 Kx 104 X x 108 Kx 104 
Temperature 30° 
60 5-40 1-036 3-42 0-998 1-94 1-113 
120 10-71 1:036 6°72 0-998 3-74 1-074 
180 15-75 1-023 9-99 0-985 5-40 1-062 
240 20:97 1:027 13-27 0:988 7:16 1:065 
Temperature 40° 
60 6:93 1-343 4°54 1-343 2°43 1-420 
120 13-77 1-343 8°82 1°305 4-72 1-381 
180 20:52 1-330 13-14 1-292 6°93 1-356 
240 27:00 1-333 17:46 1:295 9-18 1-363 
{ 
TABLE VI 
Ferric Chloride in Ether 
a = 0:9583 a = 0°4863 | a= 0:2448 
t J] $$ 
X x 10° K x 104 X x 103 K x 104 | X x 108 Kx 104 
Temperature 30° 
60 7-34 1-266 3-92 1-343 2-15 1-458 
120 14-49 1-266 132 1-305 4-23 1°439 
180 21-51 1-253 11-25 1-292 6:21 1-420 
240 28-35 1:257 14°85 1-295 8-19 1-420 
Temperaiure 40° 
60 9-72 1-688 5-13 1-765 2°94 1-995 
120 19-26 1-688 10-12 1-746 5°74 1-957 
180 28-71 1-688 15-12 1-752 8-46 1:957 
240 37-98 1-688 20:07 1-756 11-16 1-948 


a SU ee aad sa 
The effect of temperature on the velocity of the reaction is quite 
appreciable as will be seen from the following table which gives the mean 


values of the unimolecular velocity constants : 
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TABLE VII 
psa ER MAEMO EE TNT ALT Anon Te C2 Meiers i Sable ey SIs 
Mean values of K x 104 for 


Ee ae ee 


t Acetone | Ether 
a = 0°9604 | 0:5736 | 0: 2868 | 0-9583 | 0: 4863 | 0: 2448 
Saracen MLN SSCS AL SLM bl ea RMA OE ALG SLi ea RG nbs owe Set 
30° 1:030 0-992 1-078 1-260 1-309 1:434 
35° 1-162 1-184 1-233 1-379 1-425 1-565 
40° 1-337 1-309 1-380 1-688 1-755 1-964 


The values of temperature ceefficient between different temperatures 
have been calculated and they are given in the following table: 


TABLE VIII 

Temp. Acetone | Ether 

coeff. 

bet. 
temps. | a = 0-8604 0:5736 0: 2868 0:9583 0: 4863 0: 2448 
30°-35° 1-128 1-193 1-144 1-094 1-089 1-091 
35°-40° 1-150 1-105 1-119 1-224 1-231 1-225 
30°-40° 1-298 1-319 . 1-280 1-340 1-341 1-370 


It can be seen from the above table that the values of the temperature 
coefficient are almost constant within limits’of experimental error and are 
practically independent of the initial concentration of ferric chloride. Also 
it will be seen in the cass of ether that the temperature coefficient is a func- 
tion of the temperatures between which it is calculated. 


The low values of the temperature coefficient obtained in both the cases 
indicate that the photo-reduction of ferric chloride in presence of ether and 
acetone may be considered as a truly photochemical reaction. 


The effect of wave-length 


The effect of different wave-lengths was examined by studying the 
kinetics of the reaction in radiations filtered through the three filters described 
before. The results obtained are. given in the following tables: ¥ 
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TABLE [X 


Ferric Chloride and Acetone 
a =0-9870; b = 0-:2764; T = 35° 


Blue filter Yellow filter | Red filter 
t 
X x 10? | K x 104 | X x 10? Kx 104 X x 10? Kx 104 

| 

| 
60 0:92 1-535 0:72 1-190 0:63 1-074 
120 1-80 1-535 1-42 1-190 1-25 1-055 
180 2:67 1-522 2-08 1-177 1-86 1-049 
240 3-55 1-526 2°75 1-180 2°47 1-055 

TABLE X 


Ferric Chloride and Ether 
a = 0:9583 ; T = 35° 


Blue filter | Yellow filter | Red filter 
; ; 
X x 10? | Kx10* | X x 10? | K x 104 X x10? | Kx 104 
60 0:99 1-727 0°81 1:420 0 1-190 
120 * 1°96 1-727 1-60 1-401 1-36 1-190 
180 2-89 1-702 2°38 1-407 2-02 1-190 
3-16 1-401 2°66 1-180 


240 3-84 1-708 


It con be seen from the above tables that the effect of the wave- 
length of the incident radiations on the velocity constant is quite marked. 
This has been brought out in the following table which gives the values 
of the unimolecular constant, taken from the above tables: 


TABLE XI TABLE XII 
Kx 104 for Acetone (a = 0°972) | Ether (a = 0:9583) 
Filter I 
Acetone Ether Xx 10? Kx 104 X x 10? Kx 104 
Blue | 1-530 1-716 25-00 | 7:38 1+ 266 | 8:64 1-496 
Yellow 1-184 1-407 21-15 6-12 1:074 7:20 1:266 
Red : FOSS PAL 188 12 14845] ds 92 0-767 | 4:86 | 0: 844 


—_—_____.______i_i_  — ww 00000 
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It will be seen that the values of the velocity constants in the three 
frequencies used decrease in the order blue > yellow > red, that is, the reac- 
tion takes place the most in blue light and the least in red. These results 
are as expected since the total energy of the absorbed light increases with 
the increase in the frequency of the exciting radiations. 


The effect of intensity 


The effect of the intensity of the incident light was examined by study- 
ing the reaction for one hour in composite light at 35°. The changes in the 
incident intensity were effected by changing the distance of the source of light 
from the reaction cell, thereby causing no change in the quality of the light. 
The results obtained are given in Table XII. 


It will be seen that the effect of the intensity of the incident light is quite 
marked, the velocity constant is increased on increasing the intensity. The 
following table gives the ratios of the velocity constants and the correspond- 
ing ratios of the intensities, in which I,, I, and I; are the intensities and K,, 
K, and Kg the corresponding values of the velocity constants: 


TABLE XIII 
| Acetone | Ether 
I,/I, = 1°46 K,/K, = 1-40 | 1-50 
I,/I, = 1-18 K,/K, = 1-18 1-18 
a | 1-65 1-77 


I, /Ty — 1-73 | K;/Ky 


It can be seen from the above table that the rate of reaction is directly 
proportional to the intensity of the incident light, the slight deviations being 
within the limits of experimental error. As the amount of absorbed radia- 
tion is directly proportional to the incident intensity (cf. Dhar, ‘‘ The Che- 
mical Action of Light’’), these results show that the rate of reaction is direct- 
ly proportional to the absorbed energy. 


Quantum efficiency measurements 


The quantum efficiency with different concentrations of ferric chloride 
for different wave-lengths was measured by using the same filters as used in 
the study of the kinetics of the reaction. The time of exposure of the reac- 
tion mixtures was one hour for all the measuremants. The number of mole- 
cules changed during the period of exposure was calculated from the titration 
data and the number of quanta absorbed was determined from the measure- 
ment of the absorbed energy. The results obtained are given below: 
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TABLE XIV 
Quantum efficiency at 35° for 
Organic compound a 
4725 A.U. 5975 A.U. 6625 A.U. 

Acetone 0:50 0-24 0-20 0-16 
0-10 0-38 0-30 0-24 

0-05 0-41 0-32 0-26 

_ Ether ee a 0:48 OF52 0-42 0-34 
0-12 0-76 0-61 0-49 

0-06 0-82 0:66 0-53 


It will be seen from the above table that the values of the quantum 
yield in case of acetone are low, being in all cases less than 0-5; in ethereal 
solutions of ferric chloride, however, the yields are much higher. Further 
in will be seen that the quantum efficiency increases with dilution; the 
increase is fairly large on decreasing the concentration from 0-5 to 0-1 but is 
comparatively much less when it is decreased from 0-1 to 0:05. Also it 
can be seen that the values of the quantum yield decrease as the wave-length 
of the exciting radiation is increased. It is evident, therefore, that more 
molecules of ferric chloride are changed for every quantum of light absorbed, 
in light of a higher frequency that in that of a lower one. 


The effect of temperature on the quantum yield was examined by deter- 
mining the quantum yields at 30° and 40° in addition to those at 35°. The 
effect was studied only in blue light. The results obtained are given in the 


following table: 
TABLE XV 


Quantum efficiency for \ = 4725 A.U. at 


Organic compound 


Q 


30° | 35° | 40° 

0-50 0-22 0:24 | 0-29 

Acetone 0-10 0-34 0-38 0-44 
Lye ear 0:32 Oe 

4 0-48 0-47 “64 

Ether a: 0-12 0-69 0:76 0-95 
nice 0-7 0-82 1-02 


It will be seen that the temperature has quite a marked effect on the 
quantum yield of the reaction. ‘Also it can be seen that it is more marked 
for the same rise of temperature at a higher temperature. These results are 
analogous to those obtained in the study of the effect of temperature on 
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the velocity constant in case of ethereal solutions of ferric chloride. Such 
results have been obtained in many cases studied in this laboratory, but the 
only other case reported in the literature is the work of Kuhn (8). While 
studying the photo-decomposition of ammonia he obtained a 50 per cent. 
increase in the quantum yield for every 100 degree rise in temperature. 
He attributed this to the change in the kinetics of the reaction at higher tem- 


peratures. 
Summary 


1. The photo-reduction of ferric chloride in presence of aqueous ace- 
tone and anhydrous ether is a unimolecular reaction. 


2. The temperature and the frequency of the exciting radiations 
have a marked effect on the velocity constant of the reaction. 


3. The rate of reaction is directly proportional to the intensity of the 
incident light. 


4, The quantum yield of the reaction increases with dilution of ferric 
chloride, the temperature and the frequency of the exciting radiations and is 
of the order of 0-5 for acetone and 1-0 for ether. 


REFERENCES 


Baudisch, Biochem. Zeit., 1918, 92, 189. 
J. pr. Chem., 1905, 72, 2207. 

Gazetta, 1920, 501, 154. 

Trans. Farad, Soc., 1935, 31, 1706. 
Gazetta, 1922, 52, 229. 

Proc. Nat. Acad. Sci., 1941, 2, 1. 

J. Indian Chem. Soc., 1929, 6, 827. 


Compt. rend., 1923, 177, 956; 1924, 178, 
708 ; J. chim. phys., 1926, 23, 521. 


pe SP NE fre SE 


1084-43 Printed at The Bangalore Press, Mysore Road Bangalore City, by G ini i 
‘ . ‘ : by G. Srinivasa Rao, 
and Published by The Indian Aeademy of Sciences, Bangalore, se, Rape aes 


INDEX TO VOL. XVIII (A) 


Asundi, R. K. 


Bavdekar, P. R. 
Bhagavantam, S. 


Chelam, E. V. 


Chiplonkar, M. W., and 
Ranade, J. D. 


Deliwala, C. V., Ganapathi, 
K., and Shirsat, M. V. 

Desai, T. V., and 
Guruswamy, S. 


Ganapathi, K. 


Gautam, Lajja Ram, and 
Jha, J. B. 


Guruswamy, S. 


Iyengar, K. S. K. 


Jha, J. B. 


Joshi, S. S., and 
- Purushotham, A. 


Kartha, A. R. Sukumaran, 
and Menon, K. N. 


AUTHORS’ INDEX 


Spectral and collision data of CO* and the dissoci- 
ation energy of carbon monoxide, 8. 


See Prasad and Bavdekar. 
Normal oscillations of the diamond structure, 251. 


The normal vibrations in some typical cubic crystals, 
Oats 

Normal vibrations of crystal lattices : application of 
group theory, 283. 


Character tables for the atomic vibrations in some 
cubic crystals, 327. 


The frequency spectrum of the diamond lattice, 334. 


The brightness of the zenith sky during twilight, II, 
IA. 


Chemotherapy of bacterial infections, X, 360. 


Opacity changes in gel-forming mixtures during 
setting, II, 31. 


Chemotherapy of bacterial infections, IX, 355. 

See Deliwala and others. 

Electrolytic solution pressure of copper wires under 
strain, 350. 

See Desai and Guruswamy. 


A tauberian theorem and its application to con- 
vergence of Fourier series, 81. 

New convergence and summability tests for Fourier 
series, 113. 


See Gautam and Jha. 
Activation of nitrogen in the presence of mercury, 218. 


The action of grignard reagents on benzopyrones, 
I, 28. ; 
Fixed oil from Jatropha curcas (Linn.), 160. 
383 


Krishnan, R. S. 


Malurkar, S. L. 
Menon, K. N. 
Menon, P. Kesava 


Murti, P. Bhaskara Rama, 
and Seshadri, T. R. 


Neelakantam, K., and 
Rangaswami, S. 


Neelakantam, K., Row, L. 
Ramachandra, and 
Venkateswarlu, V. 


Pandya, Kantilal C., and 
Pandya, (Miss) Rashmi 
Bala K. 


Pandya, (Miss) Rashmi 
Bala K. 


Panse, T. B., and Paranjpe, 
A.S. 
Pant, D. D. 


‘Paranjpe, A. S. 

Pasricha, B. R. 

Pillai, K. Sankara 

_ Prakash, Satya, and Rai, 
Ram Chandra 

Prasad, Mata, and 
Bavdekar, P. R. 


Purushotham, A. 

Rai, Ram Chandra 
Rajagopalan, S. 
Ramachandran, G. N. 


384 


Raman spectra of crystals and their interpretation, 
298. 


Dynamics of thunderstorms, 20. 

See Kartha and Menon. 

On arithmetic functions, 88. 
Chemical composition of Calotropis gigantea, J, 145. 


Colorimetric estimation of boric acid with penta- 
methylquercetin, 171. 


Fluorescence reactions with boric acid and o-hydroxy- 
carbonyl compounds, and their application in 
analytical chemistry, HI, 364. 


The condensation of aldehydes with malonic acid, 
XV, 164. 


See Pandya and Pandya. 


A study of ‘ Carpasemine’ isolated from Carica 
papaya seeds, 140. 


Luminescence spectra and vibrations in crystal lattices, 
309. 

See Panse and Paranjpe. 

Some integrals involving Humbert function, 11. 

A note on Poisson distribution, 179. 

Studies in blue perchromic acid, I, 1. 


The photo-reduction of ferric chloride in presence 
of aqueous acetone and anhydrous ether, 373. 

See Joshi and Purushotham. 

See Prakash and Rai. 

Bacterial chemotherapy, I, II, III, 100, 104, 108. 


Optical theory of chromatic emulsions and of the 
Christiansen experiment, 67. 


Fluctuations of light intensity in corone formed by 
diffraction, 190. 


Modes of atomic vibration in ‘he See Bravais 
lattices, 266. 


Modes of vibration of the hexagonal close-packed 
lattice, 341. 


Raman, C. V. 
Ranade, J. D. 
Rangaswami, S. 
Rangaswami, S., and 
Seshadri, T. R. 
Rao, N. S. Subba 


Rao, P. Suryaprakasa, and 
Seshadri, T. R. 


Row, L. Ramachandra . 


Seshadri, T. R. 


Shirsat, M. V. 
Sunanda Bai, K. 


Ta-You Wu 


Venkateswarlu, V. 


385 


* 


The vibration spectrum of a crystal lattice, 237. 
See Chiplonkar and Ranade. 
See Neelakantam and Rangaswami. 


Chemical examination of Indian ergot of the Nilgiris, 
206. 


A further study of atmospherics during the monsoon 
period, 127. 


Pigments of cotton flowers, IX, 204. 


Some aspects of the biogenesis of anthoxanthins, 222. 
See Neelakantam and others. 


See Murti and Seshadri. 

Chemical investigation of Indian fruits, IV, 201. 
See Rao and Seshadri. 

See Rangaswami and Seshadri. 

See Deliwala and others. 


Interferometric studies of light scattering in binary 
liquid mixtures, I, 210. 


Excitation processes in the night sky and the aurora, 
40. 

On Maris and Hulburt’s ultraviolet light theory of 
aurore and magnetic storms, 345. 


‘ 


See Neelakantam and others. 


TITLE INDEX 


Aldehydes, condensation, with malonic acid, XV (Pandya and Miss Pandya), 164. 
Anthoxanthins, some aspects of the biogenesis (Rao and Seshadri), 222. 
Atmospherics during the monsoon period, a further study (Rao), 127. 


Aurore and magnetic storms, on Maris and Hulburt’s ultraviolet light theory 
(Ta-You Wu), 345. 


Benzopyrones, the action of grignard reagents, I (Kartha and Menon), 28. 


Boric acid and o-hydroxy-carbonyl compounds, fluorescence reactions, and their 
application in analytical chemistry, IJ (Neelakantam and others), 364. 


Boric acid, colorimetric estimation, with pentamethylquercetin (Neelakantam and 
Rangaswami), 171. 


Bravais lattices, fourteen, modes of atomic vibration (Ramachandran), 266. 


Calotropis gigantea, chemical composition, I (Murti and Seshadri), 145. 


Carica papaya seeds, ‘ Carpasemine’ isolated from, a study (Panse and Paranjpe), 
140. 


Chemotherapy, bacterial, I, II, III (Rajagopalan), 100, 104, 108. 


Chemotherapy of bacterial infections, IX (Ganapathi), 355; X (Deliwala and 
others), 360. 


Chromatic emulsions and the Christiansen experiment, optical theory 
(Ramachandran), 67. 


CO?, spectral and collision data, and the dissociation energy of carbon monoxide 
(Asundi), 8. : 


Copper wires under strain, electrolytic solution pressure (Gautam and Jha), 350. 
Corone formed by diffraction, fluctuations in light intensity (Ramachandran), 190. 
Cotton flowers, pigments, LX (Rao and Seshadri), 204. 

Crystal lattices, luminescence spectra and vibrations (Pant), 309. 

Crystal lattices, normal vibrations : application of group theory (Chelam), 283. 
Crystal lattice, the vibration spectrum (Raman), 237. 

Crystals, Raman spectra, and their interpretation (Krishnan), 298. 

Crystals, some cubic, character tables for the atomic vibrations (Chelam), 327. 
Crystals, some typical cubic, the normal vibrations (Chelam), 257. 


Diamond lattice, the frequency spectrum (Chelam), 334. 
Diamond structure, normal oscillations (Bhagavantam), 251. 


Ergot, Indian, of the Nilgiris, chemical examination (Rangaswami and Seshadri), 
206. 


386 


387 


Ferric chloride, the photo-reduction, in presence of aqueous acetone and anhydrous 
ether (Prasad and Bavdekar), 373. 


Fourier series, a tauberian theorem and its application to convergence of (Iyengar), 
81. 


Fourier series, new convergence and summability tests for (Iyengar), 113. 
Fruits, Indian, chemical investigation, IV (Seshadri), 201. 
Functions, arithmetic (Menon), 88. 


Gel-forming mixtures, opacity changes, during setting, II (Desai and Guruswamy), 
31. 


Humbert function, some integrals involving (Pasricha), 11. 
Jatropha curcas (Linn.), fixed oil from (Kartha and Menon), 160. 


Lattice, hexagonal close-packed, modes of vibration (Ramachandran), 341. 
Light scattering in binary liquid mixtures, interferometric studies, I (Sunanda Bai), 
210. 


Night sky and the aurora, excitation processes (Ta-You Wu), 40. 
Nitrogen, activation, in the presence of mercury (Joshi arid Purushotham), 218. 


Perchromic acid, blue, studies (Prakash and Rai), 1. 
Poisson distribution, a note (Pillai), 179. 


Thunderstorms, dynamics (Malurkar), 20. 


Zenith sky, the brightness, during twilight, II (Chiplonkar and Ranade), 121. 


